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THE REGENERATION OF NERVOUS TISSUE 
FERDINAND C. LEE 
The Surgical Hunterian Laboratory of the Johns Hopkins University 


For the review of such a large subject as the regeneration of nervous 
tissue it seemed advisable to limit the material to reports on the higher 
animal forms. Since it is well known that regenerative possibilities, 
not only of the nervous system but of all tissues, increase as lower forms 
in the animal scale are examined, it was obvious that a point would be 
reached at which a certain restitution could take place in one species 
while a corresponding regeneration would be out of the question in a 
more highly developed animal. Thus, although segments of the spinal 
cord may be reversed and a functional union obtained in amphibian 
larvae (Detwiler), it has been abundantly shown that no such regenera- 
tion takes place in laboratory animals in whom the cord has been only 
partly sectioned. 

PERIPHERAL NERVES. Historical. In the Philosophical Transactions 
of the Royal Society for the year 1795 are consecutive reports by two 
different investigators, Cruikshank and Haighton, who, although they 
worked independently of each other, curiously enough performed almost 
identical experiments to bring physiological proof for the regeneration of 
peripheral nerves. Cruikshank found that if he cut both vagus nerves 
of a dog at one time, the animal would soon die; but if he allowed 3 weeks 
to elapse before he cut the second nerve, then the dog would survive. 
Naturally he concluded that the nerve which was cut first regenerated 
and became functional before the second one was cut. Haighton 
allowed more time to pass between the successive operations. 

A very interesting and unusual operation was performed in 1824 by 
Flourens when he sectioned and cross-sutured the two principal nerve 
trunks of the brachial plexus in a cock. After “some months” the 
animal had regained perfect use of the extremity, and when Flourens 
subsequently examined the nerves in question he found that mechanical 
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stimulation of the upper branch produced contracture in the inferior 
muscle group, and vice versa. This fundamental contribution did not 
receive a clinical application for the cranial nerves until 1895 when 
Ballance performed the first successful spinal accessory-facial nerve 
anastomosis. 

The next important contribution was made in 1852 by Waller, who not 
only described degeneration in all the component parts of the peripheral 
segment, including even the sheath of Schwann, but also claimed that 
regeneration proceeded from the central stump. This central prolifera- 
tion was later advocated with reserve by Ranvier (1873), who further- 
more believed that the new axis branched into two or more processes; 
but as Howell and Huber (1892) remarked in their excellent article, 
Ranvier did not actually see this growth. 

Then followed a period in which all efforts were concentrated on 
solving the question of whether nerve regeneration proceeded from the 
central end or whether the distal segment was capable of developing its 
own nerve fibers independently. Chief among the proponents of the 
former view were Ramon y Cajal and Perroncito, whereas Ballance and 
Stewart, Wieting, and particularly Bethe supported the peripheral 
autogenetic theory. It was not until the better nerve stains of Golgi 
and Ramon y Cajal were available that a conclusion could be reached, 
and even though the decision was in favor of the central outgrowth 
theory, some investigators, among them Ballance, as late as 1923, 
still found it more reasonable to explain the results of certain nerve 
sutures on the basis of an independent peripheral regeneration. A 
detailed account of the arguments in this discussion was given by 
Perroncito in 1907. 

Anatomy of regeneration. It may be well to review briefly some of 
the more important details of a regenerating nerve end. Perroncito, 
using the sciatic nerve of the dog, noticed that the end of the sectioned 
axis cylinder usually became swollen, and that from this region as well 
as from the portion immediately proximal, new nerve fibers arose. The 
first evidence of such a fiber formation was observed at the end of 3 
hours. At 6 hours a small network of fibers which extended centrally 
as well as peripherally was seen, and at 17 hours many of the young 
fibers had knob-like endings as well as terminations resembling end 
plates. In young animals the new fibers progressed beyond the zone 
of the old stump at the end of 24 hours, and at 50 hours had increased 
enormously in number and had penetrated the surrounding region. 
However, as Poscharissky (1907) pointed out, the swelling of the ends 
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of the axis cylinder, as well as the splitting of these terminal processes, 
may be considered as a sign of degeneration and not necessarily of 
regeneration. In fact, there is a marked discrepancy in the extent of 
these changes centrally, Perroncito placing them at 2 to 3 nodes of 
Ranvier, whereas Vanlair found them as far as 2 em. from the end. 
Probably the manner in which the nerve was sectioned as well as the 
extent of the attendant trauma may explain some of this difference. 

At 7 days the new fibers enmeshed markedly the lower portion of the 
central stump, and at 10 days the branching and spreading of the fibers 
had become still more accentuated. Definite individual new nerve 
bundles, as well as a maximum degree of spiral formation, were observed 
by the 25th day. Perroncito furthermore described peculiar configura- 
tions which the neurofibrillae formed in the young scar tissue. These 
formations resembled either a ring or spiral, a knob, a flat cireumscribed 
plate, or an arborized ending. The spirals were often intricate and 
elaborate with numerous interwoven skeins, so characteristic that 
Ramon y Cajal named them the spirals of Perroncito. Since some of 
these axon endings, particularly the club-shaped ones, were seen at the 
end of the distal segment, it is impossible to exclude the possibility 
that they have represented degenerating forms. Poscharissky even 
included the skein-like endings as signs of degeneration, but in this view 
he was not supported by Berblinger (1918). Ramén y Cajal stated that 
the phenomenon of Perroncito was a pathological process since it repre- 
sented an abortive and useless attempt of the fibrils to pierce the cicatrix, 
and Perroncito concurred in this view. According to Bersou (1913), 
this abortive regeneration persisted until the 15th day and the phenome- 
non of Perroncito was more frequent after a nerve was ligated rather 
than cut, thus accounting for the more rapid regeneration. But the 
question of spiral formation after ligature is still uncertain, particularly 
since Langley (1918), in contradistinction to Bersou, was unable to find 
spirals after ligature of the nerve. It is also doubtful whether an 
obstruction to the outgrowth of an end bulb is always responsible for 
the anomalous position of such a structure; thus, in an illustrationfrom 
Marinesco cited by Halliburton (1907) an end bulb was directed toward 
the central end of a cut vagus nerve. This unusual position was ex- 
plained by Halliburton as being due to a “‘twisting back”’ of the fiber; 
it could also be explained as the normally directed ending of a pre-gangli- 
onic sympathetic nerve fiber. 

Apparently out of all this wealth of newly produced fibers the ones 
derived more centrally from the axon constituted the more purposeful 
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elements of the regenerative process. The branching of these fibers 
was often extensive, Ranson (1912) counting as many as 50 coming from 
a single fiber. Greenman (1913) crushed the peroneal nerve in rats and 
found that the fibers at the proximal end increased from 64 to 249 per 
cent; over 13 per cent of these fibers regenerated in excess arose from a 
point more than 7 mm. above the lesion. 

A greater difficulty was encountered in determining the rdéle of the 
Schwann sheath cells in the early reparative stage. The excellent 
illustrations of Howell and Huber indicated very clearly that these 
cells preceded the formation of the axon, but since the modern stains 
were not available at the time they made their studies it was impossible 
for them to have preparations which showed neurilemma cells as well as 
the axon. Nor did the advent of the various silver stains relieve this 
condition to any great extent because even though the axis cylinder was 
now more clearly defined, the counter staining of nuclei and cytoplasm 
was still unsatisfactory. Poscharissky believed that the neurilemma 
cells showed the first evidence of regeneration, and this view was shared 
in the main by others, particularly by Berblinger, who believed that the 
end bulbs, which according to Ram6n y Cajal were the points from which 
new fibers developed, were surrounded by these cells. Nageotte (1913), 
(1915) stated that the axons advanced only with the sheath, their rela- 
tionship being not independent but complementary, and that the direc- 
tional growth of these cells was subject to the same trophic influence as 
that of the fibers. However, Harrison (1924) from a study of amphibian 
larvae stated that the Schwann sheath cells were sui generis, a sort of 
peripheral neuroglia, thus voicing a view which had been favorably 
considered by Held (1909) and Nageotte. He also showed that a 
_ nerve fiber could grow out from a neuroblast without the presence of 
sheath cells. Whether by analogy a similar process must obtain for 
higher animal forms, as stated by Huber (1922), is still open to question. 
An intermediate position was taken by Kirk and Lewis (1917), who 
decided that the axis cylinders did not necessarily have to follow along 
the protoplasmic bands. 

As regards the myelin sheath, there is general agreement that it does 
not form until the axon and the neurilemma are both present, the 
myelin being apparently the product of these two structures. Feiss 
(1914) found the myelin in a regenerating nerve to appear in the shape 
of droplets which later fused to form a sheath. Tsukaguchi (1916) 
observed the myelin sheath to have proceeded from the central end for 
a short distance in the cervical sympathetic chain of a cat at the end of 
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37 days. Langley (1918) stated that the myelin was visible first on the 
outside of the protoplasmic fiber bands in the proximal part of the 
regenerating nerve, and that the extreme peripheral end of the nerve 
was unmyelinated for a considerable time. Marinesco (1920), according 
to his description of amputation neuromas, found that the myelin was 
deposited in unequal thin segments upon the axons. Judging from the 
slow rate at which myelinization took place, it is apparent that the 
regenerated nerve fiber may be functional before it is entirely myeli- 
nated. This conclusion is furthermore strengthened by the fact that 
the developing pyramidal system may be functioning before it is com- 
pletely myelinated (Langworthy). 

Should the outgrowing nerve fibers, which are at first all non-medul- 
lated, be in a position to connect with the peripheral nerve segment, 
then their growth will continue along the sheath of Schwann, which, 
of course, has not undergone degeneration. But the question then 
arises regarding the relation of these fibers to the sheath cells. Do the 
fibers grow down between these cells, or are they within the cytoplasm? 
Perroncito (1907) advocated the former view, whereas Stroebe, Ramén 
y Cajal, Ranson, Boeke, and others supported the latter contention. 
Poscharissky (1907) took an intermediate position and stated that 
the fibers could be both outside and within the cell. Examination of 
cross-sections by Boeke and by Bielschowsky and Unger showed defi- 
nitely that the fibrillae were intracellular. 

If, however, the outgrowing nerve fibers should not be in a position 
to connect at once with the peripheral segments, they may be forced to 
penetrate scar tissue of varying degrees of density and extent. At once 
a marked proliferation, splitting, and branching of the fibers takes place 
(neurocladism), some fibers even extending their processes in a direction 
opposite to the normal direction of growth. Although these fibers, 
according to Ramoén y Cajal, were bare, the majority of the investigators 
believed that the sheath of Schwann showed greater regenerative powers 
than did the nerve fibers, and the sheath cells formed a vanguard which 
served as a matrix for the advancing fibers. To what extent connective 
tissue fibers enter into the conduction mechanism of the nerve fibers 
remains undetermined. Tsunoda, Hamada, and Arimoto (1928) found 
that the new axis cylinders had ends which were sometimes pointed and 
at other times knob-like. Ingebrigtsen, using tissue cultures, came to 
the same conclusions (Lewis and Lewis). 

If the distance between the two nerve ends is not too great, the prolif- 
eration at the central end is supplemented by regeneration of the 
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Schwann sheath of the distal end, and union between the two bulbous 
processes is established. Dominici (1911) reported union after resection 
of 6 cm. of the sciatic nerve in a rabbit. Should union be impossible, 
the proliferation at the central end eventually ceases, and the nerve 
fibers, densely coiled and twisted, surrounded by sheath cells and partly 
by myelin and connective tissue, form a firm, dense swelling called a 
neuroma, which has been thoroughly described by Marinesco (1919). 

Nerve substitution. Many experiments have been performed to 
provide methods for the substitution of nerve tissue when large defects 
have to be bridged. The fundamental idea was to provide neurilemma 
and thus to extend the peripheral end centrally. Of late the enthusiasm 
for these nerve transplant operations has subsided (Stookey), and 
although Huber (1920) was able to follow experimentally the down- 
growth of nerve fibers through a cable transplant, it is being realized 
more and more that the only satisfactory method is the end-to-end 
suture. One great difficulty with nerve transplant operations was 
that the Schwann sheath did not always remain viable, for certainly 
the use of degenerating or dead nerves (Huber) did not offer much 
promise. 

Others hoped to facilitate regeneration between two nerve ends by 
tubilizing the intervening gap in order not only to direct the regenerat- 
ing fibers, but also to prevent the entrance of scar tissue. It is not the 
purpose of this review to mention the various methods employed, all 
proving unsatisfactory, but the following are a few of the devices tried: 
decalcified bone; arteries and veins, either fresh or fixed; tubes of 
magnesium, agar, gelatin, and rubber; fascia, and Cargile membrane. 

Neurotropism. As regards the processes which are active in directing 
the growth of the regenerating nerve fibers from the proximal to the 
distal portion of the sectioned nerve, little is actually known. However, 
this lack of knowledge is more than compensated for by a host of 
theoretical considerations. According to Forssman (1898), this neuro- 
tropism is due to the attraction exerted by the peripheral segment on 
the regenerating nerve fibers through the action of chemical substances 
liberated not only by the disintegrating myelin sheath but also by the 
plasma bands of Biingner. According to Ramén y Cajal, only these 
bands were able to liberate the chemotactic substanees. Dustin (1910) 
advanced a different concept which resembled in some particulars the 
Wegstrecke of Held (1909) for embryonal nerve fibers. He called it 
odogenesis, and used the term to mean the guiding and conducting 
system initiated by the connective tissue and the Schwann sheath cells 
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of the peripheral segment. Granted that the neurilemma cells are 
essential for the conduction of the nerve fiber from the proximal to the 
distal segment, there still remains to be explained the equally important 
processes which cause the Schwann sheath cells to bridge the gap. Dus- 
tin (1913) also performed experiments in which he interposed tissue, 
such as liver and spleen, between the ends of a sectioned nerve and found 
that such foreign tissue became encysted, whereas other nerve fiber 
aided in establishing growth of the fiber. Apparently the developing 
nerve fiber was able to grow in a definite direction aided by a highly 
specialized sensitivity of touch which enabled it to avoid tissues not 
conducive to its growth. This selective ability was called haptotropism. 

Closely allied to these theoretical questions are those considerations 
which rest on a physical chemical basis. Macallum (1908) was im- 
pressed with the réle that surface tension might play in nerve regenera- 
tion since he found large amounts of potassium in the axon and only a 
little in the cell body. This view has gained added interest through the 
work of Zwaardemaker (1921), who directed attention to the remarkable 
radio-active influence of potassium on physiological processes. Finally, 
Marinesco (1919) advanced the hypothesis that ferments, particularly 
oxidases, developed in the protoplasmic bands of Biingner, and were 
necessary for the growth of the nerve fibers. 

Rate of growth. The rate of the fiber growth down the peripheral 
segment has not received much study. The article usually referred to 
is the one by Vanlair (1894), who found that the sciatic and vagus nerves 
in the dog regenerated at the rate of about 1 millimeter a day. The 
facial nerve in the rabbit recovered only one-third as quickly. He also 
determined the rate of growth across a nerve defect, resecting from 1 to 
2 cm. of the internal popliteal nerve of a dog, and simply sectioning and 
suturing the corresponding nerve on the central side. The difference 
in time for sensation to appear in the paws was taken as the time 
required for the nerve fibers to bridge the measured defect. On this 
basis he obtained a rate of growth of 0.25 mm.aday. All his work had 
no histological control, however, and although performed on the dog, 
this rate of growth has been freely applied to the human (Stewart, 
Babcock). 

Clinically, there have been countless cases from which the rate of 
regeneration may be calculated. Using the report of the Medical 
Research Council (Great Britain, 1920), one can readily determine 
that the nerve regenerated frequently at a rate of 2.5 millimeters daily. 
But when one takes as a basis for computation the careful study of 














582 FERDINAND C. LEE 


Sharpey-Schiifer (1928), who sectioned the nerves to his little finger, 
the rate sinks to about 0.28 mm. a day. Simply crushing the nerve was 
followed by complete restoration at twice this speed. The great dis- 
crepancy between these values can be explained only partly on the basis 
of slower regeneration in the periphery (Tello). 

Another reason for these various rates of nerve regeneration may be 
found in the fact that regeneration is gradual and progressive, so that 
although an early cutaneous regeneration may have occurred near the 
lesion, a motor response may not have been elicited until very much 
later. Accordingly it would be difficult to agree upon any time interval 
as a basis for computation. 

Experiments have also been made to determine the electrical phenom- 
ena associated with regeneration in a nerve. Koch (1925), in studying 
the sciatic nerve of rabbits, observed that the current of demarcation 
decreased when the degeneration changes were taking place in the nerve, 
whereas the current increased when regeneration occurred. It was, of 
course, difficult to determine such voltages with any degree of accuracy, 
and it is also possible that any regeneration tissue may show the same 
phenomenon. Previously Scaffidi (1910), using the sciatic nerve of 
the frog, found that the surface of the regenerating nerve was at first 
charged positively, but later took on a negative charge. 

Extensive descriptions and equally long discussions have been pub- 
lished regarding the relationship between the sheath of Schwann, con- 
nective tissue, and axis cylinder at the extreme peripheral end. 
Whether the Schwann sheath has an open end, and whether the axon 
can pierce it and reénter at will (Tello), or whether this sheath takes a 
more active part and surrounds the axon virtually at all times (Boeke), 
are conditions which have not been established. Although it is un- 
reasonable to assume that the nerve fibers may at any time proceed 
freely in the tissue spaces without any covering, yet the view of Boeke 
that the cells of connective tissue origin which surround these fibers may 
develop into Schwann sheath cells seems equally unlikely. It would be 
more attractive to consider the neurilemma as always surrounding the 
axon, rather than to call upon connective tissue elements as a sheath for 
the terminal portions. 

Motor regeneration. The regeneration nerve fibers eventually termi- 
nate either in motor or in sensory endings whose normal histology is 
incomplete. It must be remembered that only a few sensory endings 
are known anatomically,—such important sensations as pain and 
temperature have a terminal distribution still unknown histologically. 
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The morphological details of the terminal courses of these regenerating 
fibers are not only obscure but also open to various interpretations. 
All investigators are agreed that the neurofibrillae establish connections 
in great abundance with the muscle fibers, and that these terminations 
of rings, bands, and processes are in such numbers that a single muscle 
fiber may have many times the normal number of nerve endings. But 
this excessive regeneration does not remain long because at the end of 5 
months this proliferation has subsided, and end plates corresponding 
more to the normal number are found (Boeke, 1916). Eventually these 
regenerated end plates cannot be distinguished from normal ones, except 
that they sometimes show a more elaborate morphology. It is reason- 
able to assume with Boeke that once the new nerve fibers have joined 
the muscle, the subsequent development of both muscle and nerve is one 
which aims to approach the normal conditions as much as possible. 

As in all nerve regeneration, the speed of development of these motor 
end plates is greatly influenced by the age of the animal; the younger 
the animal, the greater the speed of regeneration. Thus, Tello (1907) 
found that 2} months were necessary for regeneration in adult rabbits, 
while only 13 months were necessary in case of the newly born ones. 

The first clinical signs of regeneration of motor fibers are usually given 
as an arrest of atrophy followed by an increased tonicity and consistency 
of the muscles, frequently accompanied by aching (Athanassio-Benisty, 
1918, Tinel, 1917). According to Burrow and Carter (1918), the anodal 
closing contracture was the first sign of regeneration, and it is generally 
agreed that contracture can be obtained by electrical stimulation before 
voluntary contraction takes place (Spielmeyer, 1915). In agreement 
with the length of the path to be covered by the regenerating nerve, 
the proximal muscles show regeneration first, Tinel even noticing a 
difference in the sequence of innervation for various fasciculi of the same 
muscle. 

Errors in examination. Errors have been made in establishing the 
return of motor function. Frequently regeneration has actually taken 
place, but it was not recognized because of articular lesions, relaxed 
ligaments, and fibrosis in the muscle. Thus, regeneration of the median 
nerve may have occurred, but fixation of the metacarpo-phalangeal joints 
prevented movement of the fingers. Again, a patient may not be able 
to extend the wrist voluntarily because of an injury of the radial nerve, 
but he may be able to clench his fist and thus extend the wrist. It is 
obviously difficult to evaluate regeneration in such an instance when 
muscles act synergically, but it is obvious that fixation of a part by a 
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muscle is as much evidence of regeneration as actual movement of that 
part (Beevor). 

On the other hand, trick or supplementary movements have some- 
times prompted clinicians to report unusually rapid nerve regenerations. 
For example, the median nerve may have been considered as showing 
regeneration in that the wrist may be flexed slightly against gravity. 
However, this same action can be brought about by the radial nerve 
through its action on the abductor pollicis longus muscle. Further 
instances are given by Pollock (1919). 

Rarely has return of motor function been observed before 4 months, 
this period being required even by the musculo-cutaneous nerve, which 
regenerates most rapidly, has a short course, and also shows, as a rule, 
motor before sensory return. 

For some unknown reason there is a difference in the ability of the 
various nerves in the extremity to regenerate. Dean Lewis (1920) has 
‘placed them in the following order: 1, musculo-cutaneous; 2, radial; 3, 
internal popliteal; 4, median; 5, external popliteal; 6, ulnar. Excellent 
functional results have also been reported following suture of the brachial 
plexus, particularly of the 5th and 6th cervical nerves (André-Thomas, 
1923). However, complete restoration of the brachial plexus 2 months 
after section, as reported by Spielmeyer (1922), does not seem possible. 

It has also been observed that although the radial nerve regenerates 
rapidly, nevertheless perfect recovery rarely follows. The muscles 
chiefly affected are the abductor pollicis brevis and extensor pollicis 
‘longus, but particularly is this true of the extensor pollicis brevis, which 
‘receives one of the terminal branches of the radial nerve and for this 
reason probably shows such poor functional recovery (Stopford, 1920). 

Sensory endings. Little experimental work on the regeneration of 
sensory nerve endings in animals has appeared. As regards muscle 
spindles, which are predominantly sensory in character, Tello (1907) 
stated that the new fibers followed the old nerve paths but lost all their 
sheaths on entering the end organ, and then as bare fibers formed intri- 
-edte and elaborate connections with elements within the spindle, as 
stated above. Boeke did not believe that the nerve fibers were bare. 
This investigator also showed in 1923 that new Gandry corpuscles would 
form in the duck’s bill after the nerve going to it had been cut, and that 
the neurofibrils enmeshed the tactile cells. The whole process required 
from 2 to 3 months. The same phenomena were noted in a general way 
for the Herbst corpuscles. 

Interesting transplantation experiments were made by Kadanoff 
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(1925), who transplanted pieces of skin from the sole to the snout-in 
guinea pigs in order to study the readjustment of the transplant to the 
surrounding tissues. He stated that the new nerve fibers frequently 
followed either the old paths or the blood vessels, and that they were 
more numerous than normal for the foot. Regenerating Pacinian cor- 
puscles were never found; nor did he notice any degenerative changes in 
the sensory endings immediately after transplantation. He concluded 
that it was difficult to state in what direction the new nerve endings 
tended, but he believed that the fibers developed in a manner suggesting 
innervation of the skin of the snout, but were modified by the tissues 
of the sole. These experiments, even though they were more suggestive 
than conclusive, indicated a method for further investigation. 

Since so much study has been devoted to the regeneration of the vagus 
nerve, it may be well to refer to a few articles on this subject if for no 
other reason than to call attention to the wide differences in conclusions. 
The experiments of Haighton and of Cruikshank have been mentioned 
above. Vanlair (1894) observed recovery of function of the recurrent, 
laryngeal nerve in the dog after 11 months; Langley (1895) did not 
obtain a positive result in a cat after 12 months; nor did Tuckett (1896) 
observe a recovery in the rabbit after 231 days. However, Petioky 
(1913) reported regeneration in cats and dogs as tested by electrical 
stimulation by the 5th month. Examination of his table shows that 
the best result was obtained after 2 months and 14 days, and that the 
animal with the longest interval, 4 months and 24 days, showed no 
effect. The uncertainty of conclusions drawn from such observations 
is not diminished-by the fact that he used the Marchi method to deter- 
mine the extent of regeneration histologically. The essential point in 
the contribution of Tournade (1913) was that regeneration did not take 
place in rats in 27 days. Shafer and Feiss (1916) did not find regenera- 
tion in a dog and 5 cats after 10 to 13 months, nor was Schafer (1920) 
later able to find evidence of regeneration in dogs at the end of 2 years. 
The experiments of Rogers (1920) also cannot be considered as conclusive 
because it is difficult to accept as final any results from nerve stimulation 
of a comatose, moribund dog even though there may have been some 
evidence of cardio-inhibition. Histological control of regeneration in 
the periphery of this nerve is difficult because of its close relationship to 
the sympathetic nerve fibers. 

As regards regeneration in the 8th nerve, the report of Wada (1923) 
is too short and fragmentary to be conclusive. 

Recovery of sensibility. From a clinical point of view the present-day 
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knowledge of sensory changes attendant upon recovery in a peripheral 
nerve is still fragmentary, contradictory, and chaotic. Since he was not 
satisfied with examination of patients having regeneration of peripheral 
nerve lesions, Head (1905) had the superficial radial and the lateral 
antebrachial cutaneous nerves of his left arm cut and sutured. He was 
thus able, with the collaboration of Sherren and Rivers, to observe the 
return of the various sensations in the affected skin area. In general, 
he found that protopathic sensibility returned after 7 to 10 weeks, 
while epicritic sensibility under the most favorable conditions required 
6months. Heat and cold returned simultaneously with pin-prick stimu- 
lation, and an idea of the length of time necessary for the return of tactile 
discrimination may be gained from the statement that the compass test 
was not accurately recognized even after 5 years. Partial recovery 
of the temperature senses was attended by hyperesthesia. Head 
accordingly believed that the skin was supplied by two anatomically 
distinct groups of nerve fibers which mediated protopathic and epicritic 
sensibilities and regenerated at different rates. 

This theory of Head has received general approval and is still found 
in current text-books even though more careful work (Trotter and 
Davies, Boring, Sharpey-Shifer), which has pointed out the deficiencies 
in Head’s theory, remains unrecognized (Cobb). Like Head, Trotter 
and Davies also cut and sutured numerous nerves, and following exhaus- 
tive and intensely subjective tests, in contrast to Head whose method 
of examination was primarily objective, were able to state 1, that 
recovery followed from 10 to 12 weeks after section; 2, that tactile, 
thermal, and pain sensibility as well as the pilomoter and sudomotor 
effect began to appear at the same time at the proximal part of the 
affected area near the entrance of the nerve, and 3, that the entire 
regenerative process was one of gradual substitution in which the 
hypoesthetic area gradually became normal. 

Trotter and Davies furthermore described again ‘the condition of 
peripheral reference following stimulation of a proximal area. Un- 
fortunately they went so far as to state that if a regenerating peripheral 
nerve was stimulated proximal to the lesion with any one specific 
stimulus, the corresponding sensation would be experienced in the 
periphery. It is obviously difficult to reconcile this assertion with the 
doctrine of specific nerve energy. Sharpey-Schiifer (1928) observed 
that ice applied to the ulnar nerve at the elbow was experienced as cold 
only locally and not in the periphery. 

The return of cutaneous sensibility was also studied by Boring (1916), 
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a trained psychologist, who examined on his own arm for a period of 15 
months the skin area which subsequently was to be affected by section 
and suture of the corresponding nerve. His conclusions were essentially 
those of Trotter and Davies except that he believed that warmth and 
cold passed through a stage of hyperesthesia. Strangely enough, he 
found that sensibility returned to the outer parts of the affected region 
first and did not follow the course of the nerve. He believed also that 
single sensory spots were innervated by more than one nerve fiber. 

Recently Sharpey-Schiafer (1926), by studying the nerve supply to his 
little finger, obviated some of the criticisms of overlap which were 
mentioned regarding the work of the previous investigators. Section 
without subsequent suture of the ulnar nerve at the base of this finger 
was followed at the end of 3 months by a very painful sensation near 
the scar after light touch stimulation. This cutaneous reaction pro- 
ceeded distally until the apex of the finger was sensitive at the end of 7 
months, although complete sensory recovery had not taken place after 
15 months. Later he crushed the ulnar branch on the outer side of the 
little finger, and observed that the specific sensations appearing near 
the scar within a month gradually spread to the tip, so that recovery was 
complete after 3 months. The rate of recovery might then be calculated 
as: being 0.6 millimeter a day. He made one assertion which would 
seem difficult of proof; namely, that the new fibers soon became covered 
with a thin layer of myelin, but that they had no sheath of Schwann. 
All experimental evidence is against this view. It would have been 
very interesting to have a description of the sensory changes in the 
intermediate zone, particularly since only one definite trunk was affected. 

Finally, a word must also be said regarding the practice of crushing a 
nerve. After all, crushing is an indefinite procedure, not only in the 
degree to which it is carried out at one place, but also in the length of 
the nerve thus traumatized. It is doubtful whether the injection of 
alcohol (Barthélemy) or freezing (Trendelenburg) of the nerve is the 
better procedure; certainly the subcutaneous injection of iodine (Hacker) 
is a still less attractive method. 

One of the most interesting as well as important contributions that 
has been made in recent years to the knowledge of cutaneous sensitivity 
in nerve regeneration is that by Boeke and Heringa. Doctor Heringa 
had the misfortune to cut his right wrist on a window-pane, thereby 
severing, besides the ulnar artery and several tendons, the ramus 
dorsalis as well as the rami volaris superficialis and profundus of the 
ulnar nerve. Tendon and nerve suture was completed within an hour 
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after the accident, and the wound healed by first intention. Nine 
months later, when the affected region showed typical protopathic 
sensibility, a piece of skin with underlying subcutaneous tissue was 
removed from the middle of this region and studied for nerves and their 
endings. Histological examination showed that not only the nerves 
in the deeper layers of the connective tissue but also those in the super- 
ficial layers of the corium showed active regeneration in that they 
presented protoplasmic bands filled with delicate neurofibrillae. Myelin 
sheaths were not noted. Regeneration was also observed in the end- 
organs of Ruffini, Golgi-Mazzoni, in some of the tactile corpuscles of 
Meissner, and in the nerves supplying the hairs. Accordingly, Boeke 
and Heringa were unable to support the classification of skin sensitivity 


- as epicritic and protopathic as proposed by Head. They felt that 


protopathic sensibility was due to stimulation of incompletely regener- 
ated sensory organs, and that only when this regeneration was complete 
did epicritic sensibility appear. This report was the first one to provide 
an anatomical basis for the mass of previous physiological evidence of 
nerve regeneration. Their hypothesis did not explain very well those 
cases in which epicritic sensibility was present and protopathic sensibility 
lost (Head, 1905; Stookey, 1916) except, possibly, that regeneration was 
so rapid and complete that the intermediate stage of protopathic sensi- 
bility was not noticed. 

Early signs of recovery. Clinically, the first signs of regeneration 
experienced by patients were that the affected part tingled and felt 
more lifelike. According to Grimberg (1919), these changes may appear 
as early as 30 days after operation. But whether the first changes were 
always sensory was disputed by Stookey (1916), who found in some 
cases that motor function preceded return of sensation. Huber had 
stated in 1900 that motor nerve endings regenerated more quickly than 
sensory ones. Only after these subjective observations could the first 
alteration in cutaneous sensitivity be determined by examination; 
usually pin-point stimulation, which was noticed before light touch, was 
not accurately localized but was more disagreeable than the same kind 
of stimulation of the normal skin (British Medical Research Council, 
1920). According to Athanassio-Benisty (1918), pinching of the skin 
was the first sign to be perceived, and preceded pricking because in the 
former instance the whole skin and subcutaneous tissues were involved. 
A third view regarding the sequence of regeneration was voiced by 
Burrow and Carter (1918) from an examination of 1000 cases. They 
felt that trophic and vasomotor functions recovered first, and that 
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these were followed in order by deep sensibility, light touch, and finally: 
by the stereognostic sense. 1 

Tinel’s sign. One of the earliest signs associated with nerve regenera- 
tion was the appearance of the sensation of formication when the nerve 
distal to the lesion was pressed upon suddenly or percussed. This sign 
is commonly spoken of as Tinel’s sign, although Létiévant (1873) noticed 
the same phenomenon after section of the median nerve. Head (1905): 
was also aware of this condition, as were Trotter and Davies (1909). 
Tinel, who did not describe the sign until 1915, stated that the area of 
peripheral reference spread centrifugally part passu with the growth 
of the new axis cylinders, and that he had observed it as early as the 4th 
week. He believed that the sign was due to the presence of axis cylin- 
ders which had not developed their terminal nerve endings. This 
explanation seems reasonable even though there is no proof for this view 
nor for the one that the sign disappears after the nerve fiber has become 
myelinated, although the observations of Macdonald (1918) would seem 
to lend support. 

However, there is no agreement regarding the value of this sign. 
Grimberg (1919) considered it only corroborative because he found it 
present in several cases of complete nerve section. Price, Feiss, and 
Terhune (1919) found the sign of doubtful value in the examination of 
1000 cases. Stopford (1920) stated that it may be present even though 
there is no recovery of sensation. Pollock (1920) said that it. was 
practically valueless because in some cases in which recovery was defi- 
nite, the sign was absent, whereas it was elicited in more than 50 per cent 
of irreparable lesions. Athanassio-Benisty (1919) suggested that the 
first appearance of formication soon after nerve suture was due to the 
presence of obstacles in the path of the developing fibers; i.e., neuroma 
formation. On the other hand, Macdonald (1918) believed that this 
sign was all important and that it disappeared only after the new cylin- 
ders had completely developed their function. The British Medical 
Research Council was a little guarded in its evaluation of the test when 
it said that the sign indicated the presence of active nerve fibers at. the 
point of stimulation, and if the point of stimulation was well below the 
site of injury, then sufficient evidence was at hand to prove that the 
nerve was no longer discontinuous. 

The surest criterion for improvement in skin sensibility is the compass 
test (Head and Sherren, 1905), which furthermore gives the last evidence 
of impaired function. But since the mental state plays such a dominant 
part in this test, the results of such an examination are valueless unless 
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the individual to be examined is under normal conditions. Fatigue 
particularly should be guarded against. 

The value of many reports on nerve regeneration has been questioned 
because the examiner did not piace the affected part under the best 
conditions. This criticism holds for some of the cases of Head and 
Sherren. Bathing and warming of the affected part was urged by 
Trotter and Davies, but whether it is necessary to place the extremity in 
a warm paraffin bath as advocated by Burrow and Carter seems doubt- 
ful. Shaving of the skin, however, is necessary because otherwise no 
distinction can be made between hair sensibility and cutaneous 
sensibility. 

Another source of error has been that deep sensibility has been relied 
upon as a test for regeneration when the nerve to the skin has been cut 
but with the tendons to the same general region unaffected. Thus, 
deep sensibility may be experienced at a finger tip because the tendon 
with its sensory nerves may be inserted near by, even though the main 
nerve to the region is severed. 

As regards regeneration of the nerve fibers associated with the ten- 
dons, little has been published. Duthie (1926) gave the results of 
examinations which he made of individuals suffering from various 
tendon lesions but with the peripheral nerves intact. From a study of 
alterations in deep sensibility in such cases he concluded that regenera- 
tion of these nerve fibers was as fast as that of nerve fibers elsewhere in 
the body. The value of these conclusions may be questioned not only 
because he frequently saw his cases only once, and then from 2 days to 
10 weeks after the injury, but also since his criteria were by no means 
certain. For tactile localization includes superficial as well as deep 
sensation, and recognition of passive movement and posture may be 
entirely due to the digital nerves (Stopford). 

Nerve overlap. Another factor which has frequently been overlooked 
by clinical observers who have found early return of skin sensibility is 
nerve overlap. This relationship was emphasized by Pollock (1919). 
His evidence consisted, first, in showing that when two nerves supplying 
a contiguous region were cut, complete loss of pain appeared in the 
junctional region, whereas when only one nerve was severed, an inter- 
mediate region was present which was sensitive to pain. Again, when 
the sensation of pain was found to be returning to an area of overlap, 
section of the previously uninjured nerve supplying the overlap pro- 
duced analgesia. And finally, resection of a nerve which had pre- 
viously been cut and which had shown return of sensibility to pin-prick 
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in the region of overlap, did not show any marked difference in the 
outline of the sensitive area. 

Another cause of error in the determination of nerve regeneration is 
due to the frequent anastomoses between large nerves before their 
peripheral distribution is reached; and although such connections have 
been described long ago by Létiévant (1873) and earlier anatomists 
(Gegenbaur, 1896), this relationship has been rediscovered and empha- 
sized again by more recent investigators. Thus, Heinemann (1916) 
found from dissections of human nerve trunks that not only did the 
large nerves have dense plexuses within themselves, thus disproving the 
continuous funicular evidence of Stoffel, but that the musculocutaneous 
and median nerves at times also had anastomoses. Schwab also de- 
scribed such a communication. In the same manner Borchardt and 
Wjasmenski (1917) found elaborate collateral connections between 
the ulnar, median, and musculo-cutaneous nerves. Accordingly it can 
be readily understood how cases of unusually rapid regeneration may 
have a different explanation than that of pure nerve regeneration (Wirth, 
1921). 

Regeneration in clinically transplanted skin. Abundant opportunities 
have presented themselves clinically for the study of the return of 
cutaneous sensibility in cases requiring skin grafts and pedicle flap 
operations, but so far reports on this subject have been meager. The 
communication of Stransky (1899) in which he found early return of 
light touch is of little value since it is based on insufficient evidence. 
Thus, in one case he transferred a whole thickness graft from the thigh 
to the cheek, and 10 days later found a perception of cold. But the 
entire graft sloughed away a few days later. Williams (1928) had 
occasion to examine a Thiersch graft which had been applied 30 years 
previously on the bed of a varicose vein ulcer in a negress. He was able 
to state that the sensation of pain, temperature, and deep pressure were 
only slightly diminished, but considerably greater impairment of sensi- 
tivity to light touch was found. 

Cross union. It was natural for investigators to study regenerative 
processes after suturing the proximal segment of one nerve with the 
distal segment of another. Such a cross union experiment was done 
probably first by Flourens, as reported above, and since his time in- 
numerable similar reports have appeared. Of these may be mentioned 
that of Philipeaux and Vulpian (1893), who crossed the central end of 
the vagus with the distal portion of the hypoglossal; Rawa (1885), who 
utilized the posterior tibial and peroneal nerves; and Stefani (1886), 








| 





592 FERDINAND C. LEE 


Howell and Huber (1892), Cunningham (1898), Kennedy (1900), all 
experimenting with nerves in the upper extremity. One of the most 
complete reports was by Langley and Anderson (1904), who had good 
physiological evidence for regeneration but without extensive histological 
control. In brief, they found that when the central ends of two nerves 
were united, no functional union obviously occurred, but the nerve 
fibers grew down either end for a short distance. An axon reflex could 
be traced through a cross-union of nerves. Junction of the proximal 
phrenic nerve segment with the distal portion of the cervical sympathetic 
nerve produced effects in the tissues supplied by the sympathetic nerve, 
and vice versa. The work of Cannon, Binger, and Fitz (1915) may be 
mentioned here because they noticed definite signs of hyperthyroidism 
in a cat in which they had sutured the proximal portion of the phrenic 
nerve to the distal segment of the cervical sympathetic nerve trunk. 
An histological description of the thyroid gland was not given, however. 
Marine, Rogoff, and Stewart (1918) repeated these experiments and 
also examined the thyroid gland histologically, but were unable to 
corroborate Cannon, Binger, and Fitz. Cordero and Carlson (1927) 
sutured the proximal phrenic nerve stump to the distal ansa hypoglossus 
in 5 dogs, and found that after 6 months a rhythmic contraction of the 
sterno-hyoid muscle occurred with each respiration. Ballance (1924) 
was fortunate to have monkeys for his experimental animals, and was 
able to establish functional connections between the recurrent laryngeal, 
phrenic, descendens noni, and hypoglossal nerves. With Colledge in 
1928 he published his results on a macacus rhesus monkey in which he 
made on one side an end-to-side anastomosis of the phrenic and recurrent 
laryngeal nerves, and on the other side an end-to-end junction. In 
both instances he was able to show by histological methods the presence 
of nerve fibers and end plates in the laryngeal muscles of both sides. 

Langley and Anderson also showed that the cervical sympathetic 
chain would unite with the distal segment of the phrenic, spinal acces- 
sory, and recurrent laryngeal nerves and give a motor effect. Mislavsky 
(1902) had previously stated that in a cat he had observed function at 
the end of 82 days after the proximal segment of the cervical sympathe- 
tic chain had been united with the distal portion of the recurrent laryn- 
geal nerve. Again, Langley and Anderson noted that the 5th cervical 
nerve would establish a functional union with the cervical sympathetic 
nerve in the cat, regenerating fibers having mainly somatic charac- 
teristics. 


In support of the clinical practice of a spina] accessory-facial nerve 
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anastomosis, Barrago-Ciarello (1901) performed such an operation on 
dogs, and found that a partial return of function occurred after 4 months, 
while at the end of 6 months restoration was almost complete. A better 
report but with the same conclusions had been made a year earlier by 
Manasse (1900) who, in contradistinction to Barrago-Ciarello, also had 
histological evidence. 

Cross-union of nerves has been employed frequently in the clinic to 
restore the function of two nerves chiefly; namely, the facial and the 
recurrent laryngeal. Ballance in 1895 was the first to anastomose the 
proximal segment of the spinal accessory nerve with the distal portion 
of the facial, and should be given priority even though the case was not 
published until 1903 (Murphy). This procedure has received abundant 
clinical support since then, one of the earlier reports being by Cushing 
(1903), who observed voluntary motion in his patient at the end of 81 
days. In place of the spinal accessory the hypoglossal nerve also has 
been used by Ballance, Brown, and others; Ballance even tried the 
glossopharyngeal and observed some return of function after 4 months. 
The nerves of choice for anastomosis with the paralyzed recurrent 
laryngeal nerve have been the ansa hypoglossus and phrenic nerves 
(Frazier and Mosser, Blalock and Crowe). ’ 

Mention must also be made of the suggestive experiments of Kilving- 
ton (1907), who anastomosed different nerve roots within the spinal 
canal in the hope that such a procedure may be of benefit to individuals 
suffering with loss of sphincter control. Even though his case was 
unsuccessful, the idea of a nerve graft within the spinal canal merits 
further experimental investigation. 

Probably the most remarkable feport on experimental nerve regenera- 
tion was made by Morpurgo (1923), using parabiotically united rats. 
In such preparations the proximal end of the sciatic nerve of one animal 
was sutured to the distal portion of the sciatic nerve in the adjoining 
leg of the other animal. Functional motor responses occurred after 45 
days, and after 2} months a cross-reflex appeared which was elicited by 
stimulating the sole of the foot of one animal and causing contraction of 
the leg in the other rat. However, he was never able to show a rela- 
tionship between the cortex of one rat and the leg of the other as far as 
voluntary movement was concerned. These experiments are too few 
and isolated to have much weight at the present time. 

Examined critically, every end-to-end nerve suture of neurorrhaphy, 
even of the same nerve, is an example of multiple cross-unions since it is 
highly improbable that more than only a few of the proximal axons 
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grow into former positions in the distal segment. Accordingly, a host 
of cross-unions takes place, not only between axons entirely motor or 
entirely sensory, but also between axons of which one is motor and the 
other sensory. Reéducation within the central nervous system probably 
smooths out these anatomical deficiencies (Osborne and Kilvington, 
1909). Stopford (1926) explained paraesthesia on this basis. But as 
Stoffel (1912) pointed out, no rotation of the nerve ends should be 
allowed in neurorrhaphy in order that the internal topography be not 
disturbed (Dean Lewis, 1920), even though Spielmeyer (1922) did not 
think that this relation was so important because the new cells and 
fibers spread in all directions and made appropriate connections with 
the distal segment. However, the contention of Stoffel that funiculi 
may extend intact for a relatively great length down a nerve trunk has 
not found general acceptance; Langley and Hashimoto (1917) have 
called particular attention to the plexuses within nerve trunks. 

From all the above experiments it would seem reasonable to conclude 
that as regards peripheral motor nerves, any proximal segment of such a 
nerve will establish a functional connection with the distal segment of 
any othernerve. Furthermore, pre-ganglionic sympathetic nerve trunks 
are included in this category. One source of error in many cross-union 
experiments has been that the four nerve ends have been so close together 
that regenerating fibers have grown down their normal distal segment 
rather than the one intended for them. 

Motor-sensory cross-union. When, however, an anastomosis was 
made between a sensory and a motor nerve, the regenerative processes 
were more difficult to follow. The two nerves commonly used for this 
experiment were the hypoglossus and the lingual. However, there are 
two pitfalls in this choice of nerves. In the first place, the hypoglossus 
is not purely motor in character (Langworthy, 1924), and in the second 
place, the lingual nerve is associated with the chorda tympani for a 
certain distance. Unless, therefore, the chorda tympani fibers are 
properly taken care of, regeneration in the distal hypoglossus segment 
may have been due to these fibers (Vulpian, 1873). 

Undoubtedly the most careful study of this condition was made by 
Boeke (1916, 1917), who confined his activities almost entirely to the 
morphological aspect of the problem. He performed a cross-union in 
about 70 adult hedgehogs in such a manner that in one series the proxi- 
mal hypoglossus segment was joined to the distal lingual nerve, and in 
the other series the reverse of this procedure was carried out, the chorda 
tympani having been eliminated as a factor. 
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In the first series, although good union was always obtained at the 
site of anastomosis, he felt that the increased number of Perroncito 
spirals as well as the dense network of fibers indicated that such a fusion 
took place with more reaction and greater difficulties than was the 
custom with homogeneous nerves. But once the regenerating fibers 
entered the distal segment they were forced to continue along it to the 
end. At the periphery no proliferation of the neurilemma was seen 
near the muscle fibers, but the nerve fibers developed variously shaped 
branches and end organs in the connective tissue and epithelium of 
the tongue, not unlike normal endings. However, these terminal 
formations did not receive a kind reception from the epithelium, but 
were repeatedly forced to turn about at the basement membrane. 
Boeke, also, felt that such an anastomosis exerted a beneficial trophic 
influence on the peripheral tissues as was indicated in part by the forma- 
tion of abortive taste buds. 

In the second series, in which the central segment of the lingual nerve 
was joined to the distal segment of the hypoglossus, end-plates and 
plexuses very similar to the normal were found on the muscle fibers. 
But whether a functional connection took place was not established. 
Whether this more satisfactory regenerative phenomenon of the second 
series was due to the influence of a more highly differentiated tissue 
Boeke considered a matter of speculation, but it did seem that the form 
of the end organ was determined by its surroundings. Wertheimer 
and DuBois (1906) performed the same experiment on dogs as in 
Boeke’s second series but with the purpose of determining the return 
of vasomotor phenomena. After 96 days, stimulation of the central 
(lingual) segment produced vasodilatation of the tongue, and it was con- 
cluded that regeneration of the vasodilator fibers had occurred. But 
their premise that the lingual nerve has vasodilator fibers and that the 
hypoglossus has vasoconstrictor fibers normally, is no more definite 
than all our knowledge of vasodilatation. 

In all cross-union experiments of this type it must always be remem- 
bered that a few fibers from the central end grow independently into the 
adjoining loose connective tissue, and it cannot be denied that these 
fibers may establish a normal peripheral connection either with or 
without the aid of the resected peripheral segment. 

Lateral implantation. Another phase of the regenerative ability of 
peripheral nerves is found in the lateral implantation of the ends of a 
resected nerve into a neighboring normal nerve. Experimentally, this 
procedure has received considerable attention during the last 10 years. 
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Sachs and Malone (1922) implanted the peroneal into the tibial nerve 
in dogs and found physiological return of function never later than 90 
days. However, their proof that the fibers in the distal peroneal seg- 
ment came from the proximal segment via the tibial would have been 
more convincing if more degeneration tests had been made. Similar 
experiments on monkeys were made by Ballance (1923) with the same 
satisfactory result, while in 1926 Ballance, Colledge, and Bailey pub- 
lished a larger series of such experiments on cats, dogs, and monkeys, 
again with the same conclusions. The excellent histological evidence 
brought by the last observers would have been still more convincing if 
the course of the fibers from the implanted nerve had been traced by 
degeneration after section. 

Clinically, the application of this method has not received much 
support. The British Medical Research Council was very sceptical 
of the results of this operation, but in an addendum to its report gave 
the method more consideration. However, Stopford (1920), who was 
on this council, reported that of seven patients in whom the ulnar nerve 
was implanted into the median, none showed regeneration in the ulnar 
nerve, and all had impairment of the median. 

The purpose of this entire procedure was to insert the proximal end 
of the sectioned nerve very carefully between funiculi of the host with 
the hope that the proliferating nerve fibers would thus find an ideal 
medium for their propogation. What benefit such a milieu may have 
for the regenerating fibers has never been determined, for there is no 
reason to expect the connective tissue between the funiculi to be different 
from connective tissue elsewhere, although the epineurium may act as 
a conducting mechanism. Again, it is hardly reasonable to expect the 
regenerating nerve fibers which have found their way along the funiculi 
to pick out the distally implanted nerve end as a point of emergence 
unless this point is not far away and in the same quadrant. However, 
an entirely different condition obtains if nerve fibers in the host have 
been injured, as they usually are, during the implantation. Then any 
regenerative phenomena may be ascribed to the host unless this source 
is eliminated through suitable procedures. On this basis, also, one of 
the ideal conditions for regeneration is had; namely, a bridge of neuri- 
lemma cells which are viable, and are thus in contrast to the neurilemma 
cells of questionable viability which are present in all transplant opera- 
tions. But once the fibers of the host have been cut, its function has 
been impaired, at least temporarily. At present there is needed a 
careful re-study of this problem to determine, with the aid of extensive 




















REGENERATION OF NERVOUS TISSUE 597 


degeneration experiments and serial sections, the exact participation of 
the fibers coming from the centrally implanted nerve end. 

Nerve implantation into muscle. Experiments were also undertaken 
to test the ability of nerves to restore function after being grafted directly 
into muscle tissue. Heineke (1914) deprived the gastrocnemius muscle 
in rabbits of its nerve supply and then grafted into it the central end of 
the sectioned peroneal nerve. As early as 8 to 18 days later he was able 
to detect twitching of the muscle fibers near the point of implantation 
by the aid of electrical stimulation. After 4 to 6 weeks the whole muscle 
contracted after stimulation of the nerve, and after 8 weeks contraction 
was virtually normal. However, when he grafted a foreign nerve into 
- normal muscle with intact nerve supply, the graft did not take. Yet, 
directly opposed to this observation, Erlacher (1915) claimed to have 
noted hyperneurotization of muscle. The work of Erlacher was not 
supported by Elsberg (1917), who was unable to obtain hyperneuro- 
tization, but was able to neurotize a muscle which had been paralyzed 
for 10 weeks. As far as the report of Heineke is concerned, regeneration 
after 8 days hardly seems probable. 

It is possible that a source of error in all such experiments has been 
that the nerve normally supplying the muscle in question was not 
resected thoroughly enough. Again, in those cases in which regenera- 
tion has been reported unusually early, it is still within the realm of 
possibility that not sufficient time had been allowed for degeneration. 
Clinically, the widely quoted case of Gersuny (1906), in which a portion 
of the trapezius muscle was sutured into the paralyzed deltoid muscle, 
is open to the criticism that the remarkable ability to abduct was due 
solely to the trapezius muscle and not to any neurotization of the 
deltoid, particularly since direct stimulation of the deltoid muscle yielded 
only a weak response. Lehmann (1921) was able to collect 9 cases in 
which direct neurotization of striated muscle was successful. 

Factors influencing regeneration. Studies have also been made on the 
effect of heat on the speed of nerve regeneration. Thus, Deineka (1909) 
cut the sciatic nerve in rabbits and kept the animals in a thermostat at 
a constant temperature of 30 degrees Centigrade. He compared the 
regenerative changes in these animals with control rabbits kept at room 
temperature, and came to the conclusion that the animals in the ther- 
mostat showed regenerative changes which were from 6 to 8 days in 
advance of the controls. Aside from the difficulty in determining such 
a difference in regeneration histologically, there must also be mentioned 
the fact that even though the temperature of the thermostat was 30°C., 
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there still remains unknown the all important temperature, namely, 
that of the animal. 

In view of the metabolic influence of the thyroid gland, Marinesco 
and Minea (1910), after removing this structure in dogs and rabbits, 
found that the degenerative and regenerative changes in the cut or 
crushed sciatic nerve were delayed. Walter (1909, 1910) came to the 
same conclusions, but criticised Marinesco and Minea justly not only 
because their series was small, but because none of their animals lived 
more than 16 days, the dog dying after 5} days. Walter used rabbits 
and allowed the parathyroid glands to remain. He noticed that the 
retardation of degeneration and regeneration after removal of the 
thyroid gland could be counteracted immediately by the administration 
of thyroid tablets. These conclusions are reasonable, but it must 
obviously be difficult to be sure of these differences histologically. 

Syndrome of compression. Little is known regarding the reparative 
processes following compression of a nerve, chiefly because the patho- 
logical anatomy is poorly understood. This phenomenon is peculiar’ 
in that the affected nerve may show signs of paralysis, but after it has 
been freed from the scar tissue, neoplasm, foreign bodies, infection, or 
whatever else may have caused the compression, function may return 
at the end of a few days or weeks, but certainly always long before 
regeneration of the axis cylinders could have taken place. Since formi- 
cation has never been observed with this condition (Tinel), more support 
is brought for the view that the axons are not primarily involved. Asa 
rule, there is sufficient viability in the peripheral portion of the nerve to 
maintain the slight muscle tone which is almost characteristic of the con- 
dition (Dejerine, Dejerine and Mouzon, 1915). It is common to find 
motion either diminished or even abolished, while sensory deficiencies are 
not so marked. The problem he~ been approached by Langley (1917, 
1918) from the experimental side by compressing the peroneal nerve in 
a cat and obtaining a functional return at the end of 3 weeks. Histo- 
logically, he was able to find that no Wallerian degeneration took place, 
and that only one axon arose from each central fiber. However, this 
information still does not explain the underlying cause of the condition. 
If it is not due to the axon, then the remaining factors must involve the 
myelin sheath, the neurilemma, or the blood supply. 

THE SYMPATHETIC NERVOUS SYSTEM. In contrast to the large amount 
of work which has been done on the somatic nerves, very few reports 
are available regarding the regeneration of sympathetic nerve fibers. 
This disparity in treatment may be due to various reasons. In the first 
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place, in experimental animals the sympathetic nerve trunks are neither 
large nor, excepting the cervical chain, readily accessible. Again, the 
sympathetic nerve may not be independent but continue as one trunk 
with other nerves, as seen, for example, in the combination of the vagus 
and cervical sympathetic trunk in the dog. Of still greater moment is 
the difficulty with which the physiological activity due to sympathetic 
nerve impulses may be measured quantitatively. Ocular phenomena 
are practically the only exception, and it is for this reason that the 
cervical sympathetic chain is usually chosen for experimental purposes. 
Furthermore, the peripheral terminations of this system are still so 
poorly understood anatomically as well as physiologically, that the 
study of regenerative phenomena in such a system must be correspond- 
ingly inconclusive. Clinically, there is an enormous amount of data 
available on the regenerative changes of somatic nerves, but practically 
none on reparative processes of sympathetic nerve fibers. For the 
purpose of this discussion, regenerative processes in the pre- and post- 
ganglionic fibers will be considered. 

Pre-ganglionic fibers. In the report which he made in 1887 on the 
observation of the persistent effects of division of the cervical sympa- 
thetic nerve, Pye-Smith described one cat in which a portion of the left 
sympathetic chain was excised, and 110 days later the pupil, the nicti- 
tating membrane, and the temperature of the ears of the two sides were 
equal. Apparently regeneration had taken place, but no stimulation 
of the proximal end had been attempted. Unfortunately, the numerous 
discrepancies in this report, such as the two different dates on which 
the first operation was said to have been performed, as well as the 
statement that the right ear became warmer’ first, to which must be 
added the declaration that the pupils were equal 27 days after operation, 
render the report of doubtful value. However, fundamental observa- 
tions on the structure and function of the sympathetic nervous system 
were made soon thereafter by Langley, who had the remarkable ability 
to obtain many facts through the use of only a few animals. In 1895 
he sectioned the cervical sympathetic and vagus trunk in a kitten, and 
3 months later noticed a complete return of the eye to normal except for 
the pupil, which was still a little smaller than the one on the control 
side. ‘Later all effects of the operation had apparently disappeared.” 
About one year after the operation the animal was killed, and stimulation 
of the respective nerve roots showed that not only had regeneration taken 
place, but it had taken place in such a manner that the various spinal 
nerve roots sent their fibers again approximately to their respective 
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cells in the superior cervical ganglion. Furthermore, these regenerating 
fibers did not extend beyond this ganglion because the application of 
a one per cent solution of nicotine practically stopped the impulse to 
the periphery. 

Later Langley (1897) amplified this experiment on several half-grown 
cats, and found that under certain conditions the regenerating fibers 
were able to make connections with nerve cells not of their own class, 
thus technically having a crossed union. He also believed that a defi- 
ciency of regeneration was almost inevitable because a certain number 
of the regenerated fibers lost their way in the connective tissue. But it 
must be remembered that the newly regenerating fibers usually divide, 
and that the aberrant fibers noticed by him may have been of this sur- 
plus. The suggestion, also, that the functional power of a nerve may be 
increased by regeneration was naturally advanced with great reserve 
since the only evidence for it was the fairly prompt erection of hairs in 
two experiments. In one of the animals included in this report the 
regenerated portion was sectioned also, and regeneration occurred by 
the end of 51 days. 

Histological examination of this material showed that the regenerated 
nerve had more non-medullated and fewer medullated fibers than the 
normal nerve. Besides, no fibers 3 micra or more in diameter were in 
the regenerated section. In the animal in which the nerve was sectioned 
twice the central portion had larger myelinated fibers than the peripheral 
section. Langley’s conclusion that the new sympathetic fibers recover 
their function before they regain their medullary sheath, although prob- 
ably true, was obviously based on insufficient evidence. 

Langley also made an attempt to determine how rapidly the cervical 
chain would regenerate, and he found in half-grown cats that noregenera- 
tion had occurred by the 10th day. However, in one animal 24 days 
were allowed for regeneration, and in this instance, although paralytic 
signs were obvious, stimulation of the spinal nerves showed a definite 
but incomplete regeneration. He was not justified in concluding, how- 
ever, that return of function began between the 8th and the 12th day 
simply because there was a diminution in the paralytic symptoms. 
Such a decrease in paralysis is present from the 3d to the 7th day after 
section, yet it would be difficult to believe that regeneration had taken 
place in 7 days. It is more reasonable to explain the partial recovery 
from paralytic signs on the basis of parasympathetic influence. 

Another interesting series of experiments was reported by Langley in 
which the central end of the vagus nerve in cats was united to the distal 
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cervical sympathetic chain. As earky as 38 days after such an anasto- 
mosis, stimulation of the central end of the vagus caused the responses 
typical of cervical sympathetic stimulation. By finding that the 
regenerated nerve would conduct impulses before it could be stimulated 
directly, he supported the previous observations of Howell and Huber 
(1892). Also in these experiments the proximal sympathetic nerve end 
was joined to the distal vagus segment, and nerve fibers were found to 
extend from the sympathetic nerve into the vagus nerve, but apparently 
not to the nerve endings because stimulation of these nerves produced no 
peripheral effect. Histologically the regenerated nerve consisted chiefly 
of non-medullated fibers. 

Langley also noted in these animals that when chloroform was given 
previous to killing them the nictitating membrane projected almost one- 
third over the cornea. He also anastomosed the central portion of the 
lingual nerve with the distal segment of the cervical sympathetic chain, 
and obtained regeneration by the end of 80 days, although some of the 
regeneration was due to the connection which the central end of the 
sympathetic chain made with its distal segment. 

Several years later Langley (1900) made some more experiments on 
the regeneration of pre-ganglionic fibers, but this time selected the lum- 
bar sympathetic chain in cats, and found slight return of function as 
tested by the pilomotor response after 35 days, and a still greater regener- 
ation after 48 days. Probably this is the only report on the regeneration 
of lumbar pre-ganglionic sympathetic fibers, and it brings out clearly the 
difficulties associated with the study of regenerative plienomena in this 
region. Obviously, poor as observation of a pilomotor response must 
of necessity be, it is still more difficult to express in figures such a restitu- 
tional process. On the contrary, observations of the pupil and the 
nictitating membrane can be recorded with much greater accuracy, 
and accordingly the cervical sympathetic chain has always been the 
nerve of choice. 

Together with Anderson, Langley (1904) demonstrated in cats that 
a somatic nerve, such as the 5th cervical, could be sectioned, and after 
its central end had been united with the distal segment of the cervical 
sympathetic chain, regeneration as determined by electrical stimulation 
would have taken place in a kitten after 187 days and in a young cat 
after 112 days. Histological examination showed that the nerve fibers 
in the regenerated sympathetic nerve were larger and more medullated 
than fibers developed from sympathetic nerves. Apparently and 
naturally, the regenerated fibers assumed the characteristics of a somatic 
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These authors also reported another series of experiments designed to 
show that the cervical sympathetic chain would unite functionally with 
the peripheral segments of several cranial nerves. In one cat the left 
cervical sympathetic chain was used to lengthen the right trunk in order 
that an anastomosis with the chorda tympani in the cat could be estab- 
lished. Stimulation of the sympathetic nerve produced salivation at 
the end of 84 days. Examination of histological preparations showed, 
however, that only a very few non-medullated fibers, 4 to 6, were found 
in the peripheral nerves. There is reason to question whether these few 
fibers were sufficient to cause the amount of secretion described, particu- 
larly in view of the relatively rapid regeneration. 

This experiment, furthermore, aided in answering one of Langley’s 
own questions which he had propounded four years before and to whose 
solution he apparently did not realize that he was contributing; namely, 
whether a sympathetic nerve fiber regenerates to a definite and fixed 
length. Obviously, in this case the few pre-ganglionic fibers grew at 
least 13 inches beyond their normal length. However, it must be 
remembered, as pointed out above, that this experiment was not very 
convincing. 

The other two experiments in this report must also be placed in the 
same category. Physiological proof of functional union between the 
cervical sympathetic chain and the hypoglossal nerve after 96 days was 
not completely demonstrated, first because of escape of the stimulating 
current, and secondly, because regeneration from the proximal hypo- 
glossal stump was not excluded absolutely.. In the second experiment a 
portion of the sciatic nerve of a freshly killed rat was inserted between 
the cervical sympathetic chain and the chordo-lingual nerve. After 476 
days, stimulation of the cervical chain caused a moderate flow of saliva. 
However, examination failed to find not only the sciatic nerve but also 
any connection between the sympathetic chain and the chordo-lingual 
nerve, even with the aid of histological preparations. It is thus impos- 
sible to reconcile the anatomical with the physiological data, and it also 
makes one more cautious in accepting purely physiological evidence. 
But it must not be forgotten that Langley worked at a time when the 
methods and stains for the histological examination of neurocytological 
material were uncertain and to a great extent unsatisfactory. Only 
after Golgi’s silver technique had found expression in the methods of 
others, notably Ramén y Cajal and Bielchowsky, was a more certain 
and accurate study of regenerative processes in nervous tissue possible. 

Using the newer technique, Tsukaguchi in 1916 described the results 
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he obtained after sectioning the cervical sympathetic chain in cats and 
dogs. In two dogs about an inch of the vago-sympathetic trunk was 
excised. About 175 days later, stimulation of the central vagus segment 
caused dilatation of the pupil and all the other signs indicative of cervi- 
cal sympathetic chain stimulation. Obviously, nerve fibers growing 
down from the vagus reversed their direction completely and grew into 
the distal portion of the sympathetic chain. Stimulation of the proximal 
sympathetic segment produced no inhibition of the heart nor movement 
of stomach or esophagus, indicating that even though the fibers growing 
out of the central sympathetic trunk might also have completely re- 
versed their direction and extended down the distal vagus trunk, they 
nevertheless did not grow far enough to establish a functional connec- 
tion. Microscopical studies corroborated the physiological conclusions, 
although it must be remarked that since only the osmic acid stain was 
used, the extent of regeneration of non-medullated fibers could not be 
determined. Nevertheless, it is reasonable to suppose that many 
non-myelinated fibers had developed also, not only because some had 
acquired a medullary sheath, but also because of the physiological 
activity. Langley had arrived at the same conclusion from a purely 
physiological standpoint. 

In a series of experiments on cats, Tsukaguchi found that after 20 
days no regeneration occurred, as tested by stimulation, after section of 
the cervical sympathetic chain. In one animal he was able to make an 
interesting and important observation, in that he found frequent anas- 
tomoses between regenerating nerve fibers. After resection of 2 cm. of 
the cervical sympathetic trunk he noted regeneration as tested by strong 
electrical stimulation after 49 days. This is an instance of unusually 
rapid regeneration, particularly in view of the large defect which was 
bridged. The disagreement between the physiological data and the 
histological examination as given in plate III is probably due to the fact 
that the non-medullated fibers reached the superior cervical ganglion 
but were obviously not stained by the osmic acid. He was also able to 
verify in cats the observation which he made on dogs to the effect that 
on section of both cervical sympathetic and vagus nerves in the neck, 
fibers would grow out of the proximal vagus nerve and reverse their 
direction completely by continuing into the distal sympathetic trunk. 
Several photographs served to show not only this condition, but also a 
similar state of affairs between the proximal sympathetic and distal 
vagus nerve segments. Similar observations were made by Schafer 
and Feiss (1906), and Schafer (1920). Tsukaguchi also furnished 

















604 FERDINAND C. LEE 


several good photographs which showed the early myelinization of 
the regenerated nerve fibers. 

It is doubtful whether Tsukaguchi was warranted in concluding that 
cut sympathetic fibers reached the superior cervical ganglion after 3 to 
4 weeks; certainly, if electrical stimulation did not show regeneration of 
the fibers, other evidence for such a regeneration must be received with 
caution. All the evidence was to the effect that once a connection had 
been established anatomically between the regenerating fibers and the 
superior cervical ganglion, a functional relationship was also present. 
He also indicated that cicatricial tissue served as a guide for all re- 
generating nerve fibers, but it is doubtful whether this held true so 
much for the vagus nerve, which showed a large neuroma on section, as 
it did for the sympathetic fibers, which apparently found their way more 
easily among the scar tissue. 

Recently, regeneration in the cervical sympathetic chain, chiefly in 
cats, has been studied by Lee (1928). He found that section and 
suture of this nerve 2 cm. from the superior cervical ganglion was 
followed by regeneration as evidenced not only by the disappearance 
of the ocular paralytic signs, but also by stimulation of the nerve proxi- 
mal to the anastomosis. Histological examination of the nerve with the 
aid of a modified Cuajunco stain revealed the presence of nerve fibers 
in the distal segment. In one case regeneration was rapid, having 
taken place by the 26th day and being at a rate of slightly less than a 
millimeter a day. 

In several cases section and suture of the regenerated nerve was again 
followed by regeneration after an interval which was only slightly greater 
than that of the first regeneration, and in one instance equal to the first. 
This speed of regeneration must be compared with the partial regenera- 
tion obtained by Langley after 24 days in young animals, in which re- 
constructive processes are admittedly quicker. Lee used adult cats. 
After all, as mentioned above, regeneration is a term that has been used 
loosely, and there is reason to believe that a regeneration that has been 
spoken of as complete would be found to be incomplete if a thorough 
and varied series of tests were made. 

Thus, in the regeneration of the cervical sympathetic chain, inspection 
of the eyes and palpation of the ears may be unable to demonstrate 
any difference between the two sides, and to all intents and purposes 
the condition may be considered one of complete regeneration. How- 
ever, if the animal is put under the influence of ether, the eye on the 
affected side would show evidence of partial paralysis, as evidenced by 
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the smaller pupil and the prominent nictitating membrane. These 
signs of partial paralysis under the ether test were most prominent soon 
after the apparent complete regeneration had taken place, but they 
became progressively less as time went on; in one animal Lee was still 
able to note evidence of a slight paralysis one year after apparent 
regeneration. Langley (1898) had previously noticed in an experiment 
in which the proximal vagus nerve segment was anastomosed to the 
distal sympathetic trunk that after the cat had been given chloroform 
immediately before death the nictitating membrane covered one-third 
of the eye. Pupillary changes and the influence of time were not noted 
by him. This phenomenon of partial paralysis when the animal is under 
the influence of an anesthetic is suggestive of partial regeneration, but 
since this test is new it needs more extensive study before its value can 
be determined more accurately. 

Lee furthermore brought out the remarkable ability of the sympa- 
thetic nerves to regenerate across long defects. In several animals he re- 
sected a portion of the nerve and separated the ends by placing muscle 
tissue between them. In one case a defect of an inch was made, with 
the sternomastoid muscle between the two ends. After 275 days, 
however, the eyes were equal, and stimulation of the proximal nerve 
segment as well as of the intervening muscle tissue gave the typical 
response of regeneration. It may be argued that some of the nerve 
fibers supplying the muscle might have joined the distal sympathetic 
segment. This condition might have happened, but stimulation of 
the proximal segment demonstrated certainly that some fibers from this 
end made connection with the peripheral division. In view of the 
regeneration obtained in this experiment he was unable to substantiate 
the conclusion of Schafer (1920) that after resection of an inch of the 
cervical sympathetic chain there would still be evidence of ocular 
paralysis as long as the animal remained alive. 

Apparently an entirely new observation was made by Lee when he 
noticed that the vasomotor paralysis disappeared first. He found that 
about 2 days before the pupils became equal, the temperature of the 
two ears was either equal or the ear on the normal side had become 
warmer than the one on the side on which the nerve had been sectioned 
and sutured. Ordinarily the nictitating membrane recovered its normal 
position slightly before the pupils were equal, even after resection 
(Schafer and Feiss). However, vasoconstriction definitely preceded 
even this development. It would be natural to assume that the fibers 
mediating vasomotor impulses regenerated more rapidly or more 
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efficiently than the others, but, attractive as these hypotheses may seem, 
proof of them is still lacking. 

Another interesting observation by him was that the ear on the normal 
side became warmer than the one on the sectioned side for a time soon 
after regeneration had set in. It is possible that the conditions responsi- 
ble for this phenomenon may also have caused the temporary enlarge- 
ment of the pupil after equality had first occurred. Any explanation 
of these two phenomena must for the present remain deferred. 

Histologically, he was able to find that the regenerating fibers had 
advanced into the organizing blood clot by the 4th day, and in this 
respect showed earlier regenerative ability than did the somatic nerve 
fibers. Furthermove, the connective tissue elements did not obstruct 
the growth of these nerve fibers to the same degree as they did that of 
other nerves, so that in this respect as well as in the anastomoses between 
regenerating fibers he was able to confirm the work of Tsukaguchi. 

Moreover, it must be mentioned that although the early regenerative 
phenomena resembled to a great extent microscopically those of the 
somatic nerves—and with reason, not only because many of the sympa- 
thetic fibers are myelinated, but also because their cell bodies in the 
spinal cord are near the anterior horn cells—nevertheless certain somatic 
characteristics, such as Perroncito spirals or neuromas, were respectively 
not found or present only to a moderate degree. 

Finally, it must be remembered that since the pre-ganglionic fibers 
terminate in a ganglion and not in specialized nerve endings, the prob- 
lems of regeneration of the two systems are different. The regenerating 
pre-ganglionic fibers all aim to reach cells which are very much alike 
and which are densely packed in a single structure, whereas the somatic 
and post-ganglionic fibers proceed to widely separated peripheral tissues 
supplied with different types of nerve endings. 

PosT-GANGLIONIC FIBERS. Experiments planned to study regeneration 
of the post-ganglionic fibers have been few. Tuckett (1896) sectioned 
the post-ganglionic fibers coming from the superior cervical ganglion in 
rabbits, and in one animal obtained signs of regeneration as tested by 
electrical stimulation 259 days after operation. Recently Machida 
(1929), in studying the same nerves in cats, found that regeneration as 
determined by the equality in appearance of the two eyes as well as by 
electrical stimulation of the pre-ganglionic fibers took place as early as 
the 57th day. He also noticed, as Lee had done previously in the case 
of the pre-ganglionic fibers, that the temperature of the ears was reversed 
before the pupils were equal, and that the pupil on the sectioned side 
temporarily became larger after regeneration had set in. 
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This last observation by Machida is of importance because it brings 
out the necessity of testing regeneration by electrical stimulation, and 
it also throws some doubt upon our present knowledge of the innerva- 
tion of the iris. It was to be expected that a small pupil would be found 
after section of the post-ganglionic fibers, but so far no satisfactory 
explanation has been advanced to account for the subsequent very large 
pupil. The relatively sudden flood of new stimuli.mediated by the 
recently regenerated nerve might overcorrect the tone or, expressed 
more exactly, the posture of the iris, for a time at least. But in the 
case of the post-ganglionic fibers the pupil remained overcorrected for a 
long time. Furthermore, after regeneration had set in as determined 
by electrical stimulation, and with the cat under an ether anesthesia, 
the pupil did not become smaller as had been previously noticed for the 
pre-ganglionic fibers, but the pupil not only became larger than it was 
before the ether was given, but it also was much larger than the pupil 
of the control side. This reversal of pupillary phenomena for pre- and 
post-ganglionic lesions with the ether test needs verification and expla- 
nation. Possibly the cutting of the nerve fibers extending between the 
ganglion nodosum and the superior cervical ganglion during the opera- 
tion for section of the post-ganglionic fibers played a part. An explana- 
tion is also needed for the interesting observation of Schafer (1920), 
who noticed that after the cervical sympathetic chain on one side 
was sectioned, and 8 days later the corresponding nerve on the other 
side was cut, all signs of paralysis on the first side disappeared. 

As regards the regeneration of post-ganglionic nerve fibers elsewhere 
in the body, the majority of the studies have been secondary to other 
investigations of the organ in question, and these examinations of 
necessity frequently included the parasympathetic fibers. Thus, in 
studying the regeneration of the small bowel following end-to-end 
anastomosis in dogs, Meek (1909) was able to observe, with the aid of 
the gold chloride technique, numerous fibers connecting the myenteric 
plexus across the line of anastomosis after 180 days. Considering the 
elaborate nature of the connecting plexus, it is probable that a nerve 
communication can be demonstrated before the 180th day. Sabin 
(1920) for the small intestine and Lee (1925) for the large intestine of 
the dog, were unable with the technique they employed to trace a com- 
municaticn between the two segments. 

Physiological proof for the regeneration of fibers mediating vasomotor 
impulses in the sciatic nerve of the dog was brought by Kilvington and 
Osborne (1907). These experimenters sectioned and sutured this 
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nerve, and by means of the plethysmograph were able to show that a 
vasomotor response was present by the 205th day. No attempt was 
made by these authors to obtain any morphological evidence of- 
regeneration. 

Regeneration of sympathetic nerve fibers following peri-arterial- 
sympathectomy naturally has a definite clinical significance. It was 
frequently noted that the benefits derived from such an operation were 
temporary, and that at the end of a year or even earlier the original 
symptoms, sometimes even aggravated, appeared. It is, of course, 
impossible to state that such a recurrence was due to the regeneration 
of nerve fibers across the defect; nevertheless, such a reparative process 
is not outside the realm of possibilities. Experimentally, this problem 
was approached by Wojeiechowski (1923), who claimed that at the end 
of 3 months in one rabbit and after 50 days in another, he was able to 
notice regeneration across the defect in the denuded fermoral artery. 
Unfortunately, physiological evidence for this conclusion is lacking, and 
furthermore, the artery was stripped for a distance of 6 to 8 mm. only. 
That regeneration may have taken place across this gap is possible. 

Clinically, there is suggestive evidence at hand that the sympathetic 
nerve fibers regenerate at least as quickly as the somatic nerve fibers. 
Head (1908) stated that vasoconstrictor fibers evidently began to func- 
tion 107 days after his nerve suture because dryness and the absence of 
sweating began to disappear about that time from the proximal part of 
his affected skin area and were completely gone after 136 days. Fur- 
thermore, the small ulcerated lesion on his hand began to heal after 152 
days pari passu with the return of pin-prick sensibility to that region. 
Trotter and Davies noticed that vasomotor changes became less as 
early as 42 days after the nerve lesion. 

It is not absolutely safe, however, to rely on histological data with 
too much assurance. The presence of delicate nerve fibers around blood 
vessels and sweat glands of the affected skin, as reported by Boeke and 
Heringa, is presumptive proof that these fibers were regenerated ones, 
and it is difficult to see how better evidence can be brought except that 
at fixed intervals different pieces of tissue may be excised and examined. 
But in view of the elaborate collateral circulation of the hand, there still 
remains the possibility that the network of sympathetic fibers accom- 
panying these vessels played a part in the regenerative phenomena. 

Junction of pre- and post-ganglionic fibers. Numerous investigators 
have tried to establish a functional connection between the pre- and 
post-ganglionic fibers after the intervening ganglion had been removed. 
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Valentin (1839), supported by Walter (1853), claimed that such a 
regeneration did take place; Schrader (1850) and others opposed 
Valentin, and later work, particularly that -of Langley and Anderson 
(1904), who extirpated the superior cervical ganglion in the cat and 
joined the pre- with the post-ganglionic fibers, failed to demonstrate 
any physiological union. Pye-Smith (1887) extirpated this ganglion in 
the rabbit, and still found evidence of paralysis as indicated by the con- 
tracted pupil and dilated ear vessels after 5 years. Langendorff in 1901 
stated that he noticed regeneration in a cat 105 days after the superior 
cervical ganglion had been removed, but Meltzer (1907) questioned 
this result since he was unable to find any regeneration after 28 months. 
However, the nerve supply to the nictitating membrane in the rabbit is 
still in dispute, according to Bucy (1927), as is indicated by the fact 
that extirpation of the superior cervical ganglion is not followed by a 
protrusion of the nictitating membrane. There is, accordingly, the 
possibility that a mechanism similar to the one in the rabbit is func- 
tioning, even if in a very minor capacity, in the cat and the dog. But 
that the post-ganglionic fibers to the pupil and the nictitating membrane 
in the cat pass through the middle ear (de Kleijn, Dieter) needs con- 
firmation. 

CENTRAL NERVOUS SYSTEM. There is one essential difference between 
the reports on the regeneration of the central nervous system and those 
on regeneration of the peripheral nerves, and that difference lies in the 
very nature of the problem. In the case of the peripheral nerves the 
arguments centered about the method of regeneration, whereas with 
the brain and the spinal cord the question was not so much regarding 
the way in which regeneration took place, as it was regarding the prob- 
lem of whether regeneration took place at all. On the other hand, 
studies on the regeneration of these two divisions of the nervous system 
were alike in that there were two opposing views concerning them, both 
of which were ably defended. 

Brain. The literature on the regeneration of brain tissue may be 
conveniently assigned to the two periods which respectively precede 
and follow the work of Borst in 1904. Experimental work in the early 
period was primarily handicapped by poorly controlled experiments 
and inadequate histological technique. Thus, Voit in 1868 removed 
the cerebral hemisphere in pigeons, and 5 months later found the walls 
of the cystic mass to consist of nerve cells and fibers. Vitzou in 1897, 
using a monkey, confirmed the observations of Voit. In fact, he was 
satisfied not only that pyramidal cells had re-formed, but also that func- 
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tion had returned, as was evidenced by the apparent ability of the 
animal while walking to avoid some of the objects in its path. Examina- 
tion of his illustrations shows, however, that the tissue pictured there 
was undoubtedly brain tissue, and probably normal brain tissue which 
was displaced posteriorly after the occipital lobe had been removed. 
The reserve with which the evidence supporting the return of vision was 
presented renders conviction on this score highly uncertain. Again, 
all this work was repeated by Tschistowitsch in 1898 and Grunert in 
1899, who were unable to verify the results of Voit and of Vitzou. 

Other investigators, such as Coen, Sanarelli, and Tedeschi, who 
produced experimentally lesions of the brain either by stabbing or with 
the help of the cautery or by the insertion of foreign bodies, observed 
mitotic figures in the nerve cells as early as the 4th day. However, 
these karyokinetic figures were considered as atypical and leading to 
degeneration rather than regeneration. Tedeschi believed that the 
proliferation of the glia cells was mainly responsible for the scar forma- 
tion, whereas Tschistowitsch stated that healing was due to proliferation 
of the connective tissue of the pia and vessels, that the neuroglia played 
a minor réle, that regeneration of the nerve cells did not take place at 
all, and that he was unable to decide whether there was any growth of 
the nerve fibers. 

Borst in 1904 attempted to decide some of the issues under discussion 
by examining the regenerative processes which followed the introduction 
of small perforated celloidin cylinders into the brains of rabbits. He 
noted the appearance of glia cells by the end of the 4th day, but found it 
difficult to distinguish between the glia cells and some of the wandering 
cells. Regarding the nerve cells, he observed mitotic figures in them 
during the first few days, but no typical new nerve cells developed. 
However, he was sure that regeneration of the nerve fibers did take 
place. In fact, he frequently observed myelinated nerve fibers with 
knob-like end processes. He believed, furthermore, that the glial 
tissue was conducive to nerve fiber proliferation and conduction, and in 
those cases in which glial tissue traversed the entire celloidin block, the 
nerve fibers also penetrated deeply into the pores. However, in those 
cases in which mesodermal tissue had filled the pores, the growth not only 
of nerve fibers, but also of neuroglia was inhibited. It is interesting to 
observe, thus, a certain parallel relationship between neurilemma and 
neuroglia. Borst also noticed that the myelin sheath gradually became 
thinner towards the periphery, and was absent towards the end. In 
general, he believed with Coen, Tedeschi, and others that the glial cells 
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has a marked power of regeneration, whereas with Stroebe, Keresztszeghy 
and Hannss, and Tschistowitsch he felt that the nerve cells did not 
increase by mitosis. His chief contribution, he felt, was that he demon- 
strated that the nerve fibers in the brain did regenerate. It must be 
borne in mind, however, that all these conclusions of Borst are based 
solely on histological material, and since this material was not stained 
with any of the silver stains, but with hematoxylin and eosin, Mallory, 
van Gieson, Pal-Weigert, and Stroebe methods—methods which leave 
much to be desired, particularly as far as the axon is concerned—it is 
necessary to accept his conclusions with considerable reserve. 

The majority of the publications since 1904 have been made by 
investigators who have used the newer, more refined, and more accurate 
histological methods, introduced primarily by Golgi, Ramén y Cajal, 
and Bielschowsky, and yet their conclusions do not differ widely from 
those of Borst. Thus, Ramén y Cajal (1905) cut the subcortical fibers 
in young dogs, and found bullet-shaped swellings at the end of axons. 
Sala (1909) produced aseptic lesions in the brain of dogs, cats, and 
rabbits, and found terminal nerve ringlets at the end of 48 hours, fine 
fibrils after 5 days, and bundles of such fibrils by the 14th day. He 
considered these early formations as signs of regeneration, whereas 
Ramon y Cajal looked upon them as evidence of a centrally progressing 
demarcation. Tanaka (1911) produced a blunt injury of the rabbit’s 
brain, found glial cell mitosis from 3 to 10 days later, but never observed 
any mitosis of the nerve cells, although such figures had been previously 
reported by Coen, Sanarelli, Tedeschi, and Saltykow. Unfortunately, 
Tanaka did not use modern stains, and as he was content with such 
stains as Mallory’s and van Gieson’s, too much weight cannot be given 
to his conclusions. 

Tello (1911) transplanted a portion of the sciatic nerve into the brain 
of rabbits, and found that some nerve fibers would grow into the trans- 
plant, apparently following the neurilemma. 

Among the most recent reports is that by Oiye (1928), using the silver 
technique. This investigator, very much like Tschistowitsch and 
Borst, placed foreign bodies such as perforated celloidin cylinders and 
sea sponges in the cerebrum of rabbits, and found that the axons prolif- 
erated as early as the 21st day and from then on as long as the series 
extended, namely, to the 966th day. The medullated fibers which 
Borst found as early as 14 days after operation Oiye interpreted, and 
probably correctly, as fibers which had not yet undergone complete 
resolution. It is, of course, difficult to believe that medullated fibers 
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could have formed in such a short time. Oiye did not find regenerated 
fibers as early as the 30th day, and no medullated fibers before the 49th 
day. He found that the new nerve fibers were smooth, without spindle- 
shaped enlargements or rings, but still with regenerative power after 
almost 3 years. However, the proof for this last statement is not 
convincing because the condition in which he found the structures at 
the end of almost 3 years might have been reached much earlier and 
remained relatively unchanged until the time of examination. 

Clinically, many reports have appeared regarding the healing of brain 
injuries, particularly as to the degree in which the various tissues share 
in the reparative process. But there is much disagreement, chiefly 
among the earlier writers. ‘Thus Ziegler (1896) and v. Kahlden (1891) 
believed that connective tissue alone was responsible for the scar, where- 
as Coen (1887) considered glial tissue as the chief component. Chen- 
zinsky (1902) took an intermediate position and stated that both con- 
nective tissue and neuroglia were present, while Marburg (1905), after 
examinating 4 gliomas with the aid of Bielchowsky’s silver stain, was 
entirely unable to find any evidence of nerve regeneration. Pfeifer 
(1909) was able to study the cylindrical tracts of the brain following 
puncture, and in these areas found newly formed axons, some of which 
were myelinated. Glass (1911) came to the same conclusion after 
sectioning a 4-year old bullet tract. Furthermore, Del Rio-Hortega 
(1927) has seen not only newly formed fibers, but even plexuses around 
areas of cerebral softening. 

SPINAL corD. Among the first investigators of regenerative phenom- 
ena in the spinal cord was Brown-Séquard, who cut the spinal cord 
immediately behind the wings in an adult pigeon, and 6 months later 
found that the animal began to make voluntary movements. In 
another pigeon he found that the severed ends had grown together at 
the end of 3 months, at which time he was also able to observe traces of 
voluntary movement, whereas in a third animal gradual restoration of 
function took place so completely that by the 15th month motility and 
sensibility were almost entirely restored. However, Sgobbo (1891), 
also using pigeons, was unable to find any evidence, either anatomical 
or physiological, for such a regeneration. 

Another widely quoted report is that of Dentan (1873), who resected 
portions of the cord in young dogs and observed evidence of regeneration 
as early as one week after operation. Microscopically he saw medul- 
lated and non-medullated fibers at the end of 6 months. LEichhorst 
and Naunyn (1874) also found an extensive restitution in puppies after 
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section of the cord, but they considered the possibility of the spinal 
ganglia as a contributing factor. But all this positive evidence was 
brushed aside by Schiefferdecker (1876), who found no signs of regenera- 
tion even at the end of 300 days, and explained the early functional 
results of previous observers on the basis of a cord reflex below the site 
of injury. This criticism is certainly well founded and is applicable to 
more recent investigators. The conclusions of Schiefferdecker were 
subsequently supported by many others, including Keresztszeghy and 
Hannss (1892) and Enderlen (1895). The latter considered only the 
neuroglia and the connective tissue as sources of regenerative phenom- 
ena, and although he found one nerve cell with two nuclei, he never 
observed any karyokinetic figures. However, Tedeschi (1897), using 
some of the newer silver stains, did find karyokinetic figures in nerve 
cells. 

Then Stroebe (1894) reported experiments on rabbits in which the 
spinal cord was sectioned. Later the injured region was studied in 
individual animals as early as 24 hours and as late as 45 days after the 
operation. He was able to find a proliferation of nerve fibers, but his 
real contribution was to call attention to the nerve fibers which de- 
veloped from the ganglion and entered the scar. Unfortunately, as 
Perrero (1909) pointed out later, his stain was not specific for nerve 
fibers, since it stained glia cells as well. 

Fickler (1905) traumatized the spinal cord of rabbits and found evi- 
dence of nerve fiber regeneration which was most marked at 2 months, 
but absent after 7 months. 

It was not until the finer histological methods were available that 
more accurate knowledge was gained. Thus, Ram6én y Cajal (1906) 
cut the spinal cord in young cats, and 20 days later found numerous 
young fibers having terminal knob-like enlargements suggesting similar 
structures found at the ends of proliferating peripheral nerves. Because 
the number of new fibers gradually diminished after 36 days, he believed 
that the regenerative process was followed by one of atrophy and ab- 
sorption. Ramdén y Cajal was also able to confirm the previous work 
of Stroebe in that he found fibers from the posterior roots growing 
towards the spinal column. 

These conclusions of Ramén y Cajal were amply corroborated. Thus, 
Marinesco and Minea (1906) using dogs, found fibers passing into the 
cicatrix inferiorly as well as superiorly, but since they were dealing with 
posterior roots as well as with posterior column fibers, their conclusions 
are not entirely free from objections. Bielschowsky (1909) observed 
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as early as 20 days after section of the spinal cord in young cats signs 
of regeneration which resembled those seen in peripheral nerves. 
Miyake (1908) sectioned the spinal cord in rabbits, and described the 
formation of small rings and loops at the end of the axons as early as 
the 4th day. But unfortunately the work of Miyake is open to a general 
criticism because he described structures closely resembling newly 
formed axis cylinders in a sarcoma of the dura which obviously had no 
connection with the central nervous system, and therefore it is not 
altogether unlikely that he was unable to distinguish between axons 
and fibrous connective tissue. In 1908 de Quervain in a widely quoted 
review stated that except for an abortive attempt, regeneration did not 
take place in the spinal cord. 

Mention must also be made of the work of Bikeles (1907), who was 
interested in studying the relationship between the glia cells and the 
sheath of Schwann. He crushed the posterior roots in dogs, and 3 
months later found that the nerve fibers had reached the pia mater, 
forming a line of separation here at the junction of sheath and glia cells. 
This interesting contribution would have more weight if a more extensive 
and intensive series of stains had been used for, obviously, the Weigert- 
Pal stain was insufficient. 

A more exhaustive series of experiments was made by d’ Abundo (1911) 
who resected segments of the spinal cord in kittens, and found that the 
spinal ganglia sent out fibers along the posterior roots and that these 
fibers bifurcated into a long ascending and a short descending branch, 
a condition having a striking similarity to the normal anatomical 
arrangement. 

More recently Ssamarin (1926) again studied regeneration in the 
spinal cord of rabbits after partial section. With the aid of the Ramén 
y Cajal and Bielschowsky staining methods he concluded that, with the 
exception of a few abortive attempts, no regeneration took place in the 
gray matter, whereas in the white matter he was able to distinguish two 
phases, one of resorption of the new fibers at the end of the 2nd month, 
and the other, beginning at the 3rd month, in which the fibers which had 
not undergone resorption persisted. 

An interesting though inconclusive contribution was also made by 
Rossi when he hemisected the spinal cord of the dormouse (myoxus 
glis) during its winter sleep. The operative procedure hardly wakened 
the animal. After 18 days he noticed some fibers which appeared 
newly formed at the edge of the cicatrix, and he concluded that regenera- 
tion was slightly retarded under such a condition. Since the rate of 
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regeneration under ordinary conditions was not well known, it is difficult 
to see how any deductions could have been made for the modified 
activities attendant upon hibernation, even though the conclusion 
seems reasonable. 

Regenerative phenomena in the anterior horn cells of the cord have 
also been described. von Orzechowski (1906) found karyokinetic figures 
in these cells in man. Buzzard and Greenfield (1922) stated that after 
section of a peripheral nerve the corresponding anterior horn cells 
showed a reparative stage which began about the 20th day and con- 
tinued for 60 days. Stopford (1922) was able to notice changes 7 
months later. According to Tinel, the chromatolysis of the Nissl 
granules following section of the axon is only temporary, the cell enter- 
ing upon the work of regeneration after a few days. 

Clinically, a multitude of reports has been made on regeneration 
of the spinal cord. Many of these cases, however, were either not 
studied carefully enough, or the authors came to conclusions which 
might have been warranted by the facts as presented, but which were 
entirely out of agreement with observations along similar lines. In 
this latter category must be placed the widely quoted case of Stewart 
and Harte (1902), who sutured the spinal cord of a young woman after 
a bullet had separated the segments of the cord for three quarters of an 
inch. A good functional result was obtained. It would be idle to 
speculate on the various possibilities of error in this instance, because 
an abundance of clinical experience was shown that an erorr of observa- 
tion occurred. Straihuber (1901) in a case of multiple sclerosis, and 
Henneberg (1907) in one of traumatic transverse myelitis, found 
newly formed nerve fibers at the site of injury, but their staining methods 
were not beyond criticism. Better histological technique, particularly 
the silver stain, was employed by Perrero, who examined the cord of a 
man 29 days after a transverse myelitis and concluded, because of the 
presence of ringlets, bulbous enlargements, cones, and dividing fibers, 
that regeneration was taking place. Marinesco and Minea (1906, 
1910) came to similar conclusions after examining cases of compression 
of the cord. They furthermore called attention to the mass of new 
fibers which developed from the posterior roots and penetrated the cord, 
confirming in a measure the earlier work of Stroebe. Roussy and 
Lhermite (1915) were also able to trace fibers from the posterior roots. 
The report of Bielschowsky (1909) of a woman having luetic tumors of 
the cord is interesting in that it shows to what extent investigators may 
go in drawing conclusions from purely morphological data. He believed 
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that he could point out some fibers which were non-medullated because 
the pathological process had destroyed the myelin, while other non- 
medullated fibers were young ones in the process of regeneration. 

One may conclude, then, that regeneration does take place in the 
central nervous system, but that the process is abortive, many of the 
fibers undergoing resorption, and the ones that remain establishing no 
functional connection with the periphery. The lack of functional resti- 
tution has usually been attributed to the absence of the sheath of 
Schwann, and in a measure this view is supported by Tello (1911), who 
transplanted portions of the sciatic nerve into the brain and optic nerve 
of rabbits, and found that nerve fibers of the brain would continue down 
the transplanted nerve. However, it is still open to question whether 
the neurilemma cells were responsible for this growth of the fibers. 
Again, the physical properties of the central nervous system, particularly 
its softness, make it difficult to produce defects whose experimental ad- 
vantages are not jeopardized by the collapse of the normal tissues about 
the lesion. Finally, since no satisfactory functional test of regeneration 
has ever been made, all the conclusions regarding regeneration are of 
necessity based on morphological grounds solely. Not only is such 
evidence weak in that it fails to differentiate sharply between degenera- 
tion and regeneration, but also because criteria for regeneration are 
based entirely on analogy, the appearance of regenerative changes in the 
peripheral nerves being taken as the standard of comparison. In fact, 
one of the arguments used by Perroncito in support of his contention 
that regeneration in a peripheral nerve at an early stage took place 
without the proliferation of neurilemmal sheath cells was that he noted 
regeneration of nerve fibers after section of the cord, which, of course, 
had no sheath of Schwann. 

Further work in regeneration of nervous tissue would be greatly 
facilitated if stains were available which would show not only the axis 
cylinder, but also the neurilemma and connective tissue elements. 
The counterstains for the silver impregnation methods leave much to be 
desired. With the use of better stains a more accurate and compre- 
hensive knowledge of the skin may be obtained, particularly as regards 
the nerve structures mediating sensation of pain and temperature. 
The suggestion of Waterston that the epithelium of the skin is the 
receptor organ for tactile sensation may be taken possibly as a working 
hypothesis. Again, it would be well if investigators would study care- 
fully the sensations on a small area of their skin, mark the various 
points, and then examine the tissue histologically. Members of the 
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surgical profession who perform plastic operations which involve the 
transplantation of full thickness grafts, have a wonderful opportunity 
to study minutely the sensations of the skin before and after it has been 
transplanted. No doubt many patients would permit small pieces of 
the transplant to be excised for minute anatomical examination. It 
may even be ventured that some experimenters, preferably those with a 
psychological training, might analyze carefully for sensation two equal 
circular skin areas, and later, aided by biopsy, observe the return of 
sensations after the skin of these areas had been interchanged. Similar 
studies could be made on codperative patients having pinch grafts. 
Another series is of investigations emphasizing the number of nerve 
fibers which regenerated under various conditions would be interesting. 
Nor has any one determined definitely whether a regenerating nerve 
fiber will grow longer than it originally was. Clinically, the bridging of 
large nerve defects still remains one of the greatest problems. 
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In his monumental work on sleep published in 1913 Piéron (104) 
covered critically and exhaustively the literature on the physiology and 
pathology of sleep. A good deal of information found in that book 
has become common knowledge by this time. For this reason I shall 
limit my review almost exclusively to papers that appeared after 1913. 
Many papers are of a purely theoretical character, and while some of 
these will be mentioned, others will be omitted. There will be no 
intentional omission, however, of any paper which gives experimental 
or observational data relating to sleep. 

A satisfactory short definition of sleep is still lacking. There are a 
number of conditions accompanying sleep, the so-called concomitants of 
sleep, and the presence of all or most of these is considered essential in 
determining whether a certain’state may be classed as sleep. The most 
important of these criteria are: 1, a loss of critical reactivity to events in 
one’s environment; 2, an increased threshold of general sensibility and 
reflex irritability; and 3, an ability of being aroused or brought back to 
the state of wakefulness. The term sleep as used in this review will 
refer to ordinary diurnal sleep, short day naps and similar conditions 
resembling normal sleep and fulfilling the above mentioned three require- 
ments. It will exclude hypnosis, narcosis and coma. 

The contributions to our understanding of sleep may be grouped under 
the following headings: I, The phenomena that accompany sleep; 
II, The phenomena that precede sleep; III, The phenomena that follow 
sleep; IV, The effects of experimental abstention from sleep; V, Diseased 
conditions where sleep or its disturbances are among the prominent 
symptoms; VI, Pharmacological agents producing sleep or sleep-like 
states; and finally, VII, Theories of sleep. 

I. THE CONCOMITANTS OF SLEEP. a. Muscular activity. Diurnal 
sleep is generally looked upon as a long period of rest following the 
day’s activities. This is more or less the case in man, but in some 
animals the relation between activity and rest in the course of 24 hours 
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is not sosimple. This was brought to light by the work of Szymanski 
(124, 126, 127) who constructed a number of different recording devices 
that could be attached to the cages housing the animals, and who thus 
obtained records of their activities, ‘‘actograms,’”’ for long periods of 
time. He divided the various species observed into two classes with 
respect to their diurnal activities: polyphasic and monophasic. The 
polyphasic animals have several periods of rest interspersed with periods 
of activity. White rats have ten periods of rest in 24 hours. Their 
total rest amounts to 14 hours out of 24, the greater part of it in the 
daytime. Dancing mice, likewise polyphasic (nine periods of rest) 
have only 10 hours of rest out of 24. Rabbits are most typically 
polyphasic creatures. They show 16 to 21 regularly spaced rest periods 
in each 24 hours. That this periodicity of rest and activity may be 
quite ‘‘deep-seated’”’ is demonstrated by the case of earthworms (four 
periods of rest). When cut in two, each half behaves exactly as the 
previous whole in respect to rest periods. Canary birds are monophasic, 
resting at night and active during the day. Some of the monophasic 
animals lie perfectly quiet during the greater part of the 24 hours. 
Thus the ringed snake is active from noon to 1:30 p.m. and is quiescent 
until the following noon. Some species are intermediate between poly- 
phasic and monophasic types. The domestic cat, for instance, has 
several alternating periods of rest and activity during the day, but also 
one long unbroken period of rest during the night. 

Szymanski has applied his method to the human subject. The new 
born baby was found to be typically polyphasic (125). Eleven babies 
varying in age from one to ten days were allowed to record their move- 
ments. On the average they showed six periods of activity, receiving 
food on the average five times per 24 hours. Adult humans, mono- 
phasic animals, can be divided into 3 groups according to the manner 
in which they rest. The first group is characterized by an absolute rest 
for about 3 hours after the onset of sleep followed by three or four periods 
of relative rest alternating with periods of absolute rest. (It must not 
be forgotten that the designation “absolute’”’ and “‘reiative’’ depends 
upon the sensitivity of the recording device.) In the second group the 
rest is absolute throughout the night, with perhaps a brief interruption 
of sleep for the emptying of the bladder. The third group has five to 
seven periods of relative rest during the night and resembles nurslings in 
this respect. 

As pointed out by Szymanski, polyphasic animals receive their 
information about outside happenings mainly through tactile (earth- 
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worm) or olfactory (rabbits, rats) stimuli. The same applies to young 
babies. In monophasic animals optic reception is preéminent, and they 
therefore have one unbroken period of rest during the night, or darkness. 

Szymanski’s method or some slight modification thereof was used by all 
other workers in this field. Kreidl and Herz (70) made actograms of the 
sleep of blind and deaf persons, and they found that the longest periods of 
unbroken rest were in the neighborhood of one hour. On the basis of 
8 hours of sleep for 16 hours of wakefulness, Herz himself, after staying 
awake for 80 hours, went to bed for 40 hours, with a naive disregard for 
the diurnal activity rhythm that he could not hope to abolish in so short 
atime. The longest period of rest during the 40 hours he spent in bed 
was 90 minutes, and that during the second night. 

Children, hospital patients, were employed as subjects by Karger 
(63). Their ages varied from 2} to 12} years, and they did not know 
that their sleep was being studied. During the first hour of sleep 
pronounced movements were executed, but not so during the remainder 
of the night. Activity just before retiring, or listening to fairy tales, 
resulted in disturbed sleep. Putting a child accustomed to sleep alone 
in a room with other children increased its activity during sleep. Curi- 
ously enough, sleep was found to be very quiet in fever and in hunger, 
but disturbed after feeding. 

A very extensive investigation of muscular activity during sleep has 
been made by Johnson and his associates (59). Their results will be 
published in monograph form soon, but on the basis of preliminary 
notes the following may be stated. The sensitivity of their recording 
devices were adjusted to indicate a quick movement of the forearm or a 
slow movement of a wholelimb. Uponanalysis of 15,000 measurements 
on eleven subjects, who slept in recording beds as a matter of routine, 
it was found that the average rest period during eight hours’ sleep at 
night was only 113 minutes. The average for an individual, varying 
from 7 to 25 minutes, was a definite personal characteristic. 

Actograms of patients were made by Guttmann (39), and were found 
to be of a diagnostic value in nervous and mental diseases. The author 
also observed definite changes in the actograms as a result of the adminis- 
tration of hypnotics. 

Pietrusky (105) investigated the position and movement of the eyes 
in 300 subjects, from nurslings to old people. The most frequent 
position of the eyes was divergence upwards. Movements of the eye- 
balls were executed in all directions, including rotation. They were 
also observed only in one eye or in both eyes but in different directions. 
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It may be considered as definitely established that the muscular 
inactivity during sleep is a relative one, and that much more activity 
can be detected by automatic recording devices than had been suspected 
until recently on the basis of direct observation. 

b. Circulation. The action of the heart during sleep was the subject of 
a number of investigations. Wiechmann and Bamberger (133) report 
that the decrease in the heart rate may be as great in day sleep as in 
sleep during the night. Kanner (62) studied the heart action of 25 
subjects using a string galvanometer and Frank’s cardiophonograph. 
The ‘‘time of action,” the interval between the beginning of the first 
heart sound and the beginning of the second sound, is diminished during 
sleep, parallel to the decreased heart rate. Uneasy sleep with exciting 
dreams may cause an increased pulse rate and a longer time of action. 
The time of conduction of the electric change through the bundle of 
His (P-Q interval) is prolonged during sleep. 

In a recent contribution Boas and Weiss (11) report observations 
made on normal subjects during sleep by means of an automatic heart 
rate counter, the cardiotachometer. During the waking hours the 
heart rate is highly unstable, influenced as it is through many reflexes. 
In sleep these influences are largely abolished, and the heart rate falls 
much below that prevailing in wakefulness. ‘These minimum heart rates 
varied from 40 to 55 per minute in men, and from 50 to 65in women. In 
some cases the heart rate dropped to 36 per minute. 

In my own case (67) the heart rate in sleep following prolonged 
wakefulness was lower than the normal waking rate, but not lower than 
the rate during the long continued abstention from sleep. The heart 
rate was lower five hours than it was two hours after the onset of sleep. 
It may also be noted that Shepard (116) in his brain volume studies 
observed no significant decrease in the heart rate during sleep. 

Studies were also made on the blood pressure. Brooks and Carrol 
(13) observed 127 patients, whom they divided into three groups accord- 
ing to whether their blood pressure was normal, or above or below 
normal. In all of these there was a fall in blood pressure, attaining its 
lowest level one or two hours after the onset of sleep. The drop was 
proportional to the height of the waking blood pressure. In the normal 
group, with an average systolic pressure of 142.5 mm. (variations from 
110 to 170), the average maximal decrease was 24mm. In the morning, 
three hours after awakening, the blood pressure was still considerably 
below the figure prevailing in the evening, this later figure being reached 
at about 4 or 5 p.m., through a gradual increase during the day. In 
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patients kept in bed at night, but not allowed to sleep, the fall in blood 
pressure was not so pronounced. Nor was it marked in sleep disturbed 
by pain, noise, or disagreeable dreams. Once the maximum drop had 
taken place no similar drop occurred, if the patient was aroused and 
permitted to fall asleep again, no matter how sound the subsequent 
sleep seemed to be. 

Miiller (96) made observations on 50 patients, men, women and 
children. In men the average drop in systolic pressure was 26 mm. 
(from 120 to 94), in women, 21 mm. (from 109 to 88), and in children, 
3 to 14 years of age, it was 6 mm. less than in adults. The lowest pres- 
sure was reached from one to two hours after the onset of sleep. The 
fall of diastolic pressure was less marked than that of systolic, giving a 
decrease in pulse pressure. 

Katsch and Pannsdorf (64) confirm as a whole the findings of other 
observers, but differ from them in particulars. Unlike Miiller, they 
noted in some individuals a rise in diastolic pressure during deep sleep. 

MacWilliam (88) measured the blood pressure of healthy persons 30 to 
65 years of age. In undisturbed sleep there was a decrease in pressure, 
but in disturbed sleep, modified by reflex excitations, dreams, night- 
mares, etc., there was a very marked increase in blood pressure. In 
some cases an initial blood pressure of 130 mm. was increased to 200 
mm., a greater increase than was produced in the same individual, while 
awake, as a result of moderate exercise or excitement. The value of 
MacWilliam’s findings is somewhat decreased through the significant 
fact that the blood pressure was measured not during sleep, but shortly 
after waking the subject. The influence of sudden awakening during a 
nightmare must remain an unknown factor. 

Shepard (116) observed a fall in blood pressure of 8-10 mm. in sleep, 
disturbances invariably causing a rise in pressure. 

Wiechmann and Bamberger (133) found that the decrease in the heart 
rate during sleep was accompanied by a parallel decrease in blood 
pressure. 

Landis (78) made graphic records of the blood pressure of young male 
students, using the Erlanger apparatus. ‘The systolic blood pressure, 
during sleep, decreased from 110 mm. to 94 mm., and the diastolic from 
74mm. to68mm. Sudden awakening caused a rapid rise to the pre- 
sleeping levels, normal awakening, a more gradual rise. 

Blankenhorn and Campbell (10) recorded the blood pressure of 25 
young healthy adults automatically every hour. The subjects were in 
bed, under ‘“‘basal’’ conditions, for the greater part of the 24 hours. 
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The lowest pressure was observed in the fourth hour of sleep, and from 
then on the pressure rose gradually. After awakening there was an 
abrupt rise to a value equal to that of the first hour of sleep. 

Aside from the heart and blood pressure, the condition of the blood 
vessels during sleep was studied by various methods. The carefully 
controlled recording of the brain volume changes (in two subjects with 
trephine holes in the skull) during sleep by Shepard (116) should serve 
to bury once and for all the still current notions of a cerebral anemia in 
that condition. Shepard.also made plethysmographic records of the 
volume of the foot or the hand, and while no definite conclusion could 
be made as regards the peripheral blood vessels, there was a definite 
and significant rise in the volume of the brain with the onset of sleep. 
That was true for all positions of the subjects, and whether sleep came 
on gradually, quickly, or with a series of interruptions. Waking was 
accompanied by a marked fall in the brain volume. 

Uhlenbruck (131) reports a definite increase in the volume of the 
extremities during sleep. 

Direct observation of the cerebral blood vessels of two young puppies 
made by me (69) failed to disclose any change in the appearance of the 
vessels with the onset of sleep or with awakening. It is probable that 
whatever vascular dilatation takes place is restricted to the arterioles. 

c. Respiration. According to Shepard (116), ‘“‘with the oncoming of 
sleep, the most characteristic change in breathing is a decrease in 
amplitude of the abdominal movements and a relative increase in the 
chest.’”’ Reed and I (109) found that these changes did not accompany 
sleep invariably. In the majority of experiments we performed, the 
amplitude of the abdominal excursions was decreased in sleep and in 
some of the experiments the amplitude of the thoracic excursions was 
absolutely decreased. We employed nine subjects, and we did not 
observe a consistent modification of the respiratory record in sleep. 
The changes observed were not always the same in a given subject in 
successive experiments, nor even in the same test, on being awakened 
and allowed to fall asleep again. The respiratory rate we found to be 
unchanged in sleep, or increased, especially if the waking rate was small. 
It appears from our records that the most characteristic respiratory 
phenomenon in sleep is the regularity of the breathing movements, as 
regards both rate and amplitude. 

Recently Gujer (38) made observations on 10 subjects by means of a 
‘‘pneumotachograph,” an instrument for recording the rate of flow 
(Stromgeschwindigkeit) of the air used in breathing. The results show 
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that in sleep the respiratory rate is smaller, depth greater, and expira- 
tory pauses longer, than in wakefulness. The relative duration of the 
expiratory movement compared to the inspiratory is increased during 
sleep. Some of the subjects received a hypnotic, Somniphen, and the 
drug may have been responsible for some of the changes observed. 

That the CO, tension of the alveolar air is increased during sleep was 
found by Bass and Herr (6). The greatest increase took place during 
the first hour of sleep. In one case the percentage of CO, rose from 
6.02 to 6.55, and the tension from 41.19 mm. to 44.82 mm. forty-five 
minutes after the onset of sleep. Generally after the first hour there 
is a gradual fall of the CO,.-tension for the remainder of the night, but 
if the subject is awakened, subsequent sleep is accompanied by a new 
rise. 

d. Vegetative functions. The contractions of the empty stomach, as 
recorded by the balloon method, were found by Carlson (16) to be 
undiminished during sleep, in infants as well as in adults. Indeed 
the hunger periods were more frequent in sleep than during the waking 
hours. Similar records taken from dogs showed that the gastric tonus 
and the hunger contractions were more vigorous and regular when the 
animals were asleep. Different results were obtained by Daniélopolu 
and Canniol (19) on three patients with pyloric stenosis. The gastric 
contractions almost completely disappeared during sleep to return 
slowly to their usual height upon awakening. ‘These results should in 
no way affect the well established persistence of hunger contractions 
during sleep in normal persons and animals. 

Johnston and Washeim (61) studied the effect of sleep upon the motor 
and secretory activity of the stomach in one young male adult. In 
sleep there was a considerable delay inthe emptying time of the stomach. 
Preparation for sleep led to a rise in gastric acidity, which continued 
for an hour or more after the onset of sleep. However, the average 
volume of gastric juice secreted per hour during sleep was only about 
one-half of the figure for the waking state. 

Farmer and Chambers (28) observed a very great rise in the electrical 
resistance of the body during sleep. The rise was very rapid at the 
beginning of sleep and rose to a peak immediately before getting up in 
the morning. The drop after awakening in the morning was as abrupt 
as the rise at the onset of sleep. Richter (111) reports a gradual rise in 
resistance with the beginning of sleep. Piercing the skin reduced the 
resistance. It also made a difference in the resistance when the leads 
were from the dorsal surface on one hand to the dorsal surface of the 
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other, instead of from the palm of one hand to that of the other. Landis 
(79) failed to confirm the findings of Farmer and Chambers and of 
Richter. 

A number of studies of the blood were made in connection with 
sleep. Collip (18) found no change, or a slight decrease, in the alkaline 
reserve of the blood as a result of sleep, comparing samples obtained 
before retiring at night with those drawn after getting up in the morn- 
ing. Kunze (72) reports an increase of 10 per cent in blood acidity, 
and a decrease of 0.02 to 0.06 in pH during sleep. Enders (27) made 
simultaneous blood gas and alveolar air analyses. The blood was 
drawn while the subject was asleep, but although the insertion of the 
needle served to wake the subject, there was presumably no change in 
the composition of the blood. Six experiments were performed on 
several subjects. There was an increase in the CO,-tension of the 
alveolar air, quite comparable to that observed by Bass and Herr (6). 
Parallel to that there was an increase in the CO,-tension of the blood 
and an accompanying increase in the H-ion concentration. The 
alkaline reserve of the plasma was not changed to any extent. The 
findings of Enders were confirmed by Gallwitzer-Meier and Kroetz 
(37) who extended their studies to a number of other constituents of the 
blood plasma. Blood drawn two hours after the beginning of sleep was 
thinner than blood drawn during the waking hours. There was less 
protein, more chlorides, phosphates and sodium salts. The bicar- 
bonate, potassium and calcium values remained unchanged. The 
authors conclude that in sleep there is a flow of a protein-poor, NaCl 
rich, and phosphate-rich fluid from the tissues into the blood. Haldane, 
Wigglesworth and Woodrow (43) also report an increase in phosphates 
in the blood during sleep. 

Unlike Gollwitzer-Meier and Kroetz, Demole (21) noted a decrease in 
blood calcium during sleep, amounting to 5.9, 6.3, and 8.8 per cent. 
There is only one more possibility, and Heilig and Hoff (44) detected a 
definite consistent increase in the calcium concentration of the blood 
during sleep in five patients. These patients (of a psychopathic 
hospital) slept so soundly that blood could be drawn without waking 
them. According to Heilig and Hoff, 1 mgm. of adrenalin injected 
subcutaneously during sleep had practically no effect upon the blood 
pressure, which rose from 98 to 100mm. _ In the same patient, when he 
was awake, a similar dose of adrenalin, administered in the same way, 
caused the blood pressure to rise from 110 to 135mm. That there is 
something in the blood of the sleeper that tends to keep the blood 











632 NATHANIEL KLEITMAN 


vessels dilated was shown by the results of perfusion experiments. 
Such blood passed through the frogs’ vessels caused a decrease in flow of 
from 10 to 15 per cent, whereas blood from a waking subject caused a 
decrease of from 30 to 50 per cent. Giving 100 grams of cane sugar by 
mouth to a person suddenly awakened and then permitted to fall asleep 
again, led to a smaller rise in blood sugar than it did when the subject 
stayed awake. This applied alike to spontaneous, paraldehyde-induced 
and medinal-induced sleep. Finally they found the cerebro-spinal fluid 
to contain more sugar and protein, and less NaCl in sleep than during 
wakefulness. 

Researches were made concerning the composition of the urine 
secreted during sleep. The slow heart action and the low blood pres- 
sure could be expected to result in the production of a smaller volume of 
urine per unit of time during sleep, and that was found to be the case, 
with some exceptions, by older observers, by myself (67) and by Simp- 
son (118). Campbell and Webster (14, 15) reported a greater excre- 
tion of acid and of phosphates during sleep. They found this to be 
true for sleep at any time during the day. When they reversed their 
routine (slept in the daytime and stayed up at night) there was more 
acid and phosphate in the day urine. Campbell and Webster, like all 
previous workers in this field, divided the 24 hours into two 12-hour 
periods, their night urine containing some that was secreted during 3 
or 4 hours of wakefulness. I divided the 24 hours into a 16-hour day 
period and an 8-hour night period, to conform more strictly to the 
periods of wakefulness and sleep (67). I was able to confirm the findings 
of Campbell and Webster, including the effect of a reversed routine. In 
another study I had strictly separated the “waking” urine from the 
‘“‘sleep” urine in a subject (68) who was carrying out a long-lasting 
metabolism experiment on himself. ‘The amount of phosphate excreted 
per hour during sleep was from 15 to 29 per cent higher than that 
excreted during the waking hours, and the total acidity was from 6 to 
60 per cent higher. The excretion of chlorides | found to be smaller 
in sleep than during wakefulness (67). Simpson also reported a smaller 
chloride excretion during sleep (119). This is in agreement with the 
increase in blood phosphates in sleep as reported by Gallwitzer-Meier 
and Kroetz (37), but not with the increase in blood chlorides found by 
the same authors. According to Wordell (137) the minimum excretion 
of phosphates takes place in the forenoon, maximum at night. 

The nitrogen excretion in sleep was studied by Fontés and Yovano- 
vitch (30). They report no variation in the concentration of the various 
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nitrogenous constituents of the urine, with the exception of ammonia, 
which is excreted almost twice as fast in sleep as in wakefulness. In 
another paper these authors maintain that there is a decrease in the 
urinary nitrogen in sleep, due mainly to the darkness of the room in 
which the sleeping subjects were placed. Kroetz (71) found that the 
urine secreted during sleep had a higher pH and more titratable acid, 
ammonia and phosphate than urine secreted while awake. 

There is a decrease in metabolism during sleep. Aron (5) gives the 
total metabolism of a six year old boy as 90-100 Cal. while awake, 36 
Cal. during sleep; the corresponding figures for a 15 year old girl are 200 
Cal. and 50 Cal. Delcourt and Mayer (20) observed a decrease of the 
basal metabolic rate during a short sleep in three subjects, no change 
in a fourth, and an increase in a fifth subject. They found that the 
dorsal decubitus is not necessarily a position for which the gaseous 
exchanges are lowest. In some individuals a lower metabolic rate 
prevails when they are on one side, semi-flexed, or even curled up. One 
subject had a lower metabolism rate when comfortably settled into a 
deep-cushioned club-chair, than when in dorsal decubitus. This is 
quite in agreement with the observation of Landis (78) that the fall in 
blood pressure during sleep is independent of the position of the sleeper. 

e. Reflex excitability. A great variety of reflexes was studied in 
sleeping persons and animals. Of the tendon reflexes the knee-jerk was 
investigated most. It had been known for a long time that the reflex 
disappears in sleep. Lee and I (82) confirmed this under specially 
favorable conditions. ‘The subject worked on was often very sleepy as 
a result of prolonged wakefulness. Sitting down to have the knee- 
jerk recorded, and closing. one’s eyes accentuated the desire for sleep. 
When no special effort was made to keep the subject awake, sleep fol- 
lowed in one minute or so. It was then possible to alternate sleep and 
wakefulness in one test any number of times, and each time the onset of 
sleep was accompanied by a disappearance of the knee-jerk. Tuttle 
(130), while confirming the disappearance of the knee-jerk in sleep, finds 
that it is preceded by a gradually diminishing response. Jacobson and 
Carlson (54) observed a gradual decrease in the extent of the knee-jerk 
with advancing muscular relaxation. In some subjects the relaxation 
reached such a degree that the knee-jerk was abolished with the person 
still awake. In puppies, however, sleeping on their backs, I have been 
able to elicit definite homolateral and bilateral knee-jerks (69). 

Cutaneous reflexes seem to be preserved in sleep. In our laboratory 
(67), brushing the cheek of a sleeping subject with a rolled piece of tissue 
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paper from the ear to the corner of the mouth often elicited a facial 
grimace and a movement of the hand, intended to scratch the stimulated 
spot. Asarule, the right hand would be moved when the right cheek 
was stimulated, but if this hand was under cover and left hand exposed, 
the latter would be used instead. Of particular interest is a cutaneous 
reflex which is absent in the normal human adult but may appear in 
sleep—the extensor toe response or positive Babinski sign. This 
response which can be elicited by gently stroking the plantar surface of 
the foot, had been observed in sleep for a long time, as related by Piéron 
(104). I found (67) that if the sole was repeatedly scratched at very 
short intervals of time, several extensor responses were followed by an 
extension-and-flexion, later by a flexion. At this time there was usually 
an attempt to rub the sole of the stimulated foot by means of the other 
foot, or a general defensive flexion movement of the whole limb. 

The toe-extension response has been advanced by Babinski as a sign 
of an organic disease of the pyramidal tract system. Elliott and Walshe 
(26) found the reflex to be present in a variety of toxie states: severe . 
hepatic insufficiency (‘‘cholemia’’), certain types of eclampsia, delayed 
chloroform poisoning, sulphonal poisoning, diabetic coma, fatal coma 
from CQ-poisoning, and also fora day or two after epileptiform fits. 

The pupillary response to light was found positive in sleep by Pie- 
trusky (105), and also by me (67). I noted that the sphincter of the 
iris contracted very slowly. [Extraneous stimuli, however, may result 
in a widening of the pupils (Peiper, 102). That the heart rate varies 
from time to time in normal individuals during sleep is demonstrated by 
the records of Boas and Weiss (11). These variations are undoubtedly 
of reflex origin. According to Shepard (116) a stimulus during sleep 
“almost always gives a slowed heart rate, which may or may not be 
preceded by a brief acceleration, and which may later overcome the 
tendencies making for higher pressure.’”’ Under these conditions 
Shepard also noted a decrease in the volume of the brain, no change, 
or even an increase for a few pulse beats, followed by a fall. This 
latter observation was also made by Peiper (101), who, using sounds and 
needlepricks as stimuli, found that the decrease in volume of the brain 
may last 3-4 times as long as the initial increase. Uhlenbruck (131) 
applied pain, pressure and temperature stimuli to the skin of sleeping 
subjects, and they produced a sinking of the plethysmographie record. 
A stimulation of a given intensity produced a more marked vasomotor 
effect in sleep than during wakefulness. 

In Shepard’s experiments stimulation during sleep resulted in a change 
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in rate and amplitude of the respiratory movements, the direction of the 
change depending upon a number of conditions, including the type of 
respiratory curve that prevailed at the time of stimulation. This was 
also found to be the case by Peiper (102), and by Reed and me (109). 

Some animals, like the horse, can sleep standing on four legs; others, _ 
like fowls, sleep perched. Generally speaking, however, the righting 
reflexes are lost in sleep, and animals in preparation for sleep assume a 
lying position, involving no continuous equilibrating adjustments. 
Specifically I investigated the labyrinthine righting reflexes on the 
head in puppies. A normal puppy, awake, when held in the dorsal 
position in the air, will not allow its head to sink downward, but will 
ventroflex its neck, thereby bringing the head back into the normal 
position. Puppies when soundly asleep will let their heads sink, when 
held in the air in the above mentioned position, so that the snout points 
straight downward, without correction (69). 

f. Depth and duration of sleep as measured by its concomitants. Many 
a worker studving a certain concomitant of sleep suggests that variations 
of that concomitant be used as a measure of the depth of sleep. Thus 
Szymanski (127), on the basis of his actogram records, maintains that 
the sleep of monophasic animals is deeper than that of polyphasic. On 
the same basis, Karger (63) states that the sleep of his children patients 
was shallow during the first hour, deep during the rest of the night. 
Katsch and Pannsdorf (64) look upon the fall of the blood pressure as an 
indication of the depth of sleep, and they find a maximal fall two hours 
after the onset of sleep. Blankenhorn and Campbell (10), however, 
reported that the blood pressure was lowest in the fourth hour of sleep. 
In my experiments (67) there was no significant difference between the 
figures for blood pressure taken two and five hours after the onset of 
sleep. Bass and Herr (6) would like to have the increase in the CO,- 
tension of the alveolar air accepted as an index of the depth of sleep. 
Tuttle (130) finds that there is some correlation between the decrease of 
the knee-jerk and the depth of sleep. Pietrusky (105) noted that the 
pupillary response to light was weaker in deep than in shallow sleep. 
Haas (40), using a sound stimulus as a test, observed that sleep was very 
deep 30 minutes after its onset, and rather shallow during the remainder 
of the night. 

Johnson and Swan (60), in their review of the older works of 
Kohlschiitter, Mo6nnighof and Piesbergen, Michelson, and Czerny, 
which resulted in the construction of the well-known sleep depth curves, 
rightly point out the inadequacy of a particular type of stimulus and of a 
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certain type of response for the purposes of developing a curve of the 
depth of sleep asa whole. From their own actogram records (59) they 
find that the distribution of rest periods through a night’s sleep in their 
several subjects does not resemble the curves of the depth of sleep of 
Kohlschiitter and Michelson, which show the greatest depth one hour or 
so after retiring. Shepard (116) also failed to detect a correlation 
between the changes in the volume of the brain and this supposed curve 
of the depth of sleep. There can be no doubt that the intensity of sleep 
is not the same throughout the night, but at present it is impossible to 
construct a sleep depth curve that will stand up against criticism. From 
the results of Johnson and Swan (59) it would seem that each individual 
might have his own private sleep curve, or that the curve might vary in 
the same person from night to night. 

Frobenius (34), working on five subjects (3 men, 2 women), had them 
wake up at a certain fixed time during the night. ‘Tests were made on 
250 nights, in three different settings: 1, with a loud ticking clock in the 
room; 2, no clock or other sounds whatsoever; and, 3, a clock that failed 
to tick now and then, and was stopped for 45 minutes during the night. 
In most cases, and irrespective of the setting, the subjects awoke during 
the 5-minute interval preceding the time set for awakening. Practice 
produced no improvement in this remarkable performance. 

The only extensive data on duration of sleep are contained in a 
statistical study of the sleep of 210 inmates of an insane asylum by 
Ladame (73), based on direct observation by attendants or nurses. An 
analysis of 57,000 nights’ records showed that women sleep about 30 
minutes less than men, but they sleep more soundly. In all patients 
there were seasonal variations in length of sleep. The curves shows a 
maximum of sleep in April, a minimum in January and February, and a 
high submaximal plateau during the summer months. According 
to Haas (40) sleep in men is lighter in summer than in winter, but 
Szymanski’s canaries (127) slept more soundly in the summer and early 
autumn than in winter. 

The duration, like the depth, of sleep seems to be a matter of indi- 
vidual adjustment, and most of us develop certain habits in this connec- 
tion. Under modern living conditions it appears that most of us sleep 
less than we should like to, as testified by the widespread use of alarm 
clocks and late rising on Sundays and holidays. 

g. Dreams. ‘To sleep, perchance to dream,’ is something to look 
forward to when one is not pressed for time. ‘There is a general agree- 
ment that deep sleep is dreamless, and that we are more likely to dream 
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just before awakening in the morning. Practically all of our knowledge 
of dreams comes from subjective observations of the dreamers. A 
systematic discussion of the formation, content, duration, etc., of 
dreams, together with a bibliography is found in the chapter on dream- 
ing in Bethe’s Handbuch, by Hoche (50). Subjective observations show 
that the main characteristic of a dream is a lack of critical analysis of its 
contents. Dunlap (22) in an interesting paper on sleep and dreams 
speaks of the low integration of dreams as contrasted with the high 
integration of consciousness. But he holds that the law of association 
of ideas applies in cases of low integration as well, and this is in agree- 
ment with everybody’s dreaming experience. Dunlap maintains that 
one of the most characteristic symptoms of disposition to normal sleep 
is the abolition of the learning process, or of high integration. ‘‘Momen- 
tary impressions may be made; and a series of perceptions produced: 
but they do not ‘stick’.’”’ As an example of the persistence of low 
integration he uses a violinist who ‘‘may play his part in an orchestra 
very well, when so sleepy (or so drunk) that he has a very confused 
notion of what is going on; provided, of course, the composition is very 
familiar, and played as he is accustomed to play it.” 

It is evident that dreaming often starts as a result of afferent stimuli, 
extero- or interoceptive in character (generally grossly misinterpreted), 
but whether that is invariably the case is not known. The dreamer 
frequently wakes up in the course of a dream, but even before that 
happens the sleep may become disturbed, as indicated by changes in the 
brain volume observed in his subjects by Shepard (116) and subse- 
quently found to have been due to dreaming. 

II. THE ONSET OF SLEEP. a. Phenomena accompanying onset of 
sleep. Subjectively there is a feeling of lassitude and loss of interest in 
the outside world, and from experience we associate this condition with 
the approach of sleep. The eyelids first droop, and later are firmly 
closed. Attempts to keep the eyes open in spite of extreme sleepiness 
result in double vision (Kleitman, 67). Objectively Miles (91) reports 
slower saccadic movements of the eyes together with disappearance of 
fixation. Reed and I (109) observed an irregularity of respiration during 
somnolence. This irregularity was commonly aperiodic, but it some- 
times assumed a definite periodicity, resembling Cheyne-Stokes breath- 
ing. It was replaced by regular respiration with the definite onset of 
sleep. 

According to Landensteiner (77) extreme sleepiness is often a symptom 
of a slight depressive state. Physiologically he considers it a condi- 
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tioned reflex to certain monotonous repeated weak stimuli. Willey 
(134) reports a case of a man 24 years of age, who was in love, but not 
sure of reciprocity. He developed a condition of extreme sleepiness, 
which disappeared when his girl accepted him. On the other hand, 
many individuals suffer from insomnia, one form of which is inability to 
fall asleep. When due to worry, anything that will take a person’s 
mind off the worry will accelerate the onset of sleep. Most of the 
methods employed are of a purely empirical type. One such psycho- 
analytical (?) method of going to sleep is offered by Farrow (29). All 
one has to do is to paint large imaginary figure 3’s extremely slowly on a 
large imagined black wall with an imaginary brush and a tin of white 
paint! Anybody who painted three of these 3’s in this very slow manner 
would find it quite impossible to remain awake. 

Kreidl and Herz (70) saw no differences from the normal in the manner 
in which blind and deaf persons fell asleep. Claparéde (17) in discussing 
this finding says that it proves that external stimulation plays a less 
important part than some people think it does. It is hard to see why 
Kreidl and Herz pick on deficiencies which we voluntarily bring about in 
ourselves when we go to sleep. We close our eyes and thus render our- 
selves blind; we go into a quiet room and deprive ourselves of audi- 
tory stimuli. Why one should a priori expect any deviation from the 
normal in the blind and the deaf is hard to see. To me it seems that 
these findings prove nothing as regards the part played by external 
stimulation in the onset of sleep. 

b. The effect of muscular relaxation. Of great interest is the work of 
Miller (92), intended to test the effect of extreme relaxation, developed 
as a result of special training. Seven subjects, three men and four 
women, had electric shocks from an induction coil sent into the fingers of 
one hand. The shock was of such intensity as to be painful, and 
generally resulted in a flexion of the arm at the elbow. Compared to 
control experiments, extreme relaxation served to reduce the extent of 
the flexion movement, to increase the reaction time, and to diminish the 
apparent intensity or unpleasantness of the stimulus. There was a 
considerable proportion of cases where no movement occurred. All 
this happened while the subjects were awake. Incidentally, on many 
occasions they fellasleep. It will be recalled that Jacobson and Carlson 
(54) could abolish the knee-jerk through muscular relaxation. In these 
two researches we have examples of a raised threshold of sensibility and 
of reflex irritability simply as a result of muscular relaxation. 

But this relaxation often leads to sleep, as I have shown both on 


























SLEEP 639 


human subjects (67) and on puppies (69). In very simple experiments 
human subjects, with their ears plugged with cotton and blindfolded, 
were asked to lie down on a couch and “‘relax.’”’ No special instructions 
were given. The experiments were carried out late in the afternoon, 
and the room was kept warm. The subject was left alone, and thirty 
minutes later the observer quietly entered the room. As a rule, the 
subject was found asleep. In my work with puppies I used very young 
animals, from one week of age up. They were placed in a dorsal position 
in the ‘‘trough”’ formed by the forearm and the side of the body when the 
former is held close to the latter. After a few minutes in this position, 
often after a preliminary struggle, the body and limb musculature 
usually began to relax, and soon sleep was precipitated. As a rule, the 
abdominal musculature became so relaxed that one could easily discern 
the movements of the intestine underneath. 

c. Cortical inhibition and the onset of sleep. The experiments that 
link eonditioned inhibition with sleep were made by Pavlov and his 
associates (99), and are summarized in his recent volume on conditioned 
reflexes (100). According to the Pavlov School, one of the important 
properties of cortical cells is to pass into a state of inhibition under the 
action of conditioned stimuli. They observed that practically all forms 
of “internal” inhibition would lead to drowsiness and sleep. Thus 
extinction, produced by not reinforcing the conditioned stimulus by the 
unconditioned one; delay, produced by continuous application of the 
conditioned stimulus for some time before applying the unconditioned 
one; and differentiation, brought about by reinforcing stimuli of a certain 
intensity or quality 6nly—all of these forms of internal inhibition will 
cause sleep in the experimental animals. In each case it is “non-rein- 
forcement”’ that leads to sleep. In some dogs it takes days or weeks, in 
others years, for this condition to develop. 

Internal inhibition comes sooner, if conditioned stimuli are applied at 
frequent intervals. This led Pavlov to think that we are dealingwith 
functional exhaustion. During inhibition the cortical elements are free 
from activity, and they gradually revert to their normal state. When 
many points in the cerebral cortex are subject to inhibition, it (inhibi- 
tion) spreads over the entire cortex, and sleep results. Internal inhibi- 
tion is local sleep; sleep is a general internal inhibition. 

d. Lesions in the central nervous system. Spiegel and Inaba (56, 121) 
produced lesions in rabbits and dogs, that resulted in the onset of sleep. 
The cerebrum was exposed under anesthesia, and later, when the effect 
of the anesthetic wore off, needles were inserted into the diencephalon 
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and into the region of the corpora quadrigemina. The animals were 
observed every hour or two and histological studies were made later to 
determine definitely the locus and extent of the lesion. Insertion of the 
needle into and destruction of the outer or inner part of the periven- 
tricular gray of the third ventricle and of the aqueduct of Sylvius did 
not result in sleep. Injury to the thalamus, however, led to sleep lasting 
for weeks at times, but the animals could always be aroused by appro- 
priate stimulation. Which nuclei in the thalamus are concerned in 
sleep was not determined. 

Hess (47) was able to induce sleep in cats by electrical stimulation, 
using specially constructed electrodes and certain types of current. 
He emphasizes the fact that sleep was produced by stimulation. He was 
not successful in localizing the sleep ‘‘center’’ by this method, but he 
puts it somewhere around the anterior portion of the aqueduct of 
Sylvius, although stimulation of the inner side of the caudate nucleus 
also resulted in sleep. When the intensity of the stimulating current 
was increased, the animals showed all the signs of being awakened. 

III. AWAKENING. a. Phenomena accompanying natural awakening. 
Our information on this score is very meager. I made some observa- 
tions on young puppies which were in the process of awakening (69). 
The most prominent feature was a stiffening of the hitherto relaxed 
abdominal musculature, making the wall taut and the flat surface 
convex. This was followed by stretching and yawning. 

Simpson (119) detected an increase in the quantity of chlorides 
excreted per hour in the morning after awakening. If the subject 
stayed awake until 7 a.m., and then slept till 11 a.m., this increase did 
not take place. I noted a definite progressive decrease in the urinary 
phosphate excretion from the time of awakening in the morning until 
about noon, in subjects who remained in bed awake through the fore- 
noon (68). This was followed by a marked increase in the afternoon, 
so that the quantity of phosphates excreted in the six afternoon hours 
was always greater than the quantity excreted in the six forenoon hours. 

b. Performance after awakening. The ability to tell the time correctly 
upon being aroused by an alarm clock some time during the night was 
tested by Boring and Boring (12) on four subjects. Ten different set- 
tings of the clock, between 12:15 a.m. and 4:45 a.m. were used, differing 
from each other by 30 minutes. The subjects were awakened 37 to 50 
times during as many nights. Every one of them was his own observer, 
writing down the time at which he thought he was awakened. Even 
though the task was a much easier one than that set for his subjects by 
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Frobenius (35), all four individuals showed a constant tendency to make 
the time estimation too late, on the average by 16 minutes. For three 
subjects the errors were greatest during the third hour of sleep, smallest 
during the first. The fourth subject made the worst judgments during 
the first hour, and showed improvement thereafter. There was no 
improvement with practice. The cues that helped the subjects in their 
efforts to tell the time correctly were: fatigue-and-restedness feelings, 
degree of sleepiness, alimentary and bladder sensations, a memory of 
having previously awakened and of having dreamt. 

Moore, Jenkins and Barker (94) tested muscular efficiency following 
nocturnal sleep in 26 women, using Martin’s spring balance dynamom- 
eter. The results were not conclusive, but there is a suggestion of a 
direct relationship between the duration of sleep and subsequent 
muscular efficiency. Fortune (32) made ergographic records of the 
flexion of the index finger before sleep, after 3 hours of sleep, and after a 
whole night’s sleep. The question he tried to get an answer to was: 
does the first 3-hour period of sleep increase the capacity for neuro- 
muscular work more than the period of more shallow sleep following? 
It seems that the latter (according to the author, more shallow) sleep 
has a greater restorative effect than the first 3 hours of sleep. 

In the work already referred to Haas (40) studied the calculating 
ability exhibited by himself when awakened at different times during 
the night. The standard of comparison was his performance at 10 
p.m., before retiring. He found his calculating ability to be inversely 
related to the depth of sleep prevailing at the time of awakening. It will 
be recalled that according to Haas sleep is deepest 30 minutes after its 
onset and gradually decreases in depth during the remainder of the 
night. Jenkins and Dallenbach (55) had two subjects learn nonsense 
syllables, and then tested their memory, 1, 2,4 and 8 hours afterwards. 
With this as a control, they had the same subjects memorize nonsense 
syllables at night, from 11:30 p.m. to 1:00a.m., let them go to sleep, and 
aroused them 1, 2, 4 and 8 hours after the onset of sleep. The amount of 
retention after sleep was always greater than after a corresponding 
period of wakefulness, with this added difference that whereas in the 
waking state more and more was forgotten as time went on, scarcely 
more was forgotten after 8 hours of sleep than after two. The authors 
conclude ‘that forgetting is not so much a matter of the decay of old 
impressions and associations as it is a matter of the interference, inhibi- 
tion, or obliteration of old by new.” 

In a short note entitled “What it costs to lose sleep?’ Laird and 
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Wheeler (75) tell of mental multiplication tests given to three subjects 
after a night’s sleep. The tests were made in two series, each running a 
week. In the first series the subjects were allowed eight hours of sleep 
and in the second only six. It isnot stated, but it must be assumed that 
care was taken to insure the subjects not taking short day naps when 
they had only six hours of sleep at night. Anyhow, there was no signifi- 
cant difference in performance during the two weeks. If anything the 
subjects showed a tendency to do better after six hours of sleep than 
after eight. Basal metabolism determinations were made by the 
indirect method before and after the mental multiplication tests. It 
was found that after 8 hours of sleep the mental effort resulted in 
increases of 7.5, 12 and 34.8 per cent in the calories of heat produced in 
five minutes respectively by the three subjects; after 6 hours of sleep the 
corresponding increases in heat production were 25.3, 25.5 and 56.1 per 
cent. The actual figures for the oxygen consumption are not given, and 
it is hard to decide whether the findings can be taken seriously. A 
critical analysis of these results will be found in the review by Johnson 
and Swan (60). 

IV. THE EFFECTS OF PROLONGED WAKEFULNESS. a. Experiments on 
man. A number of such experiments were performed, on one or more 
subjects at a time, with better or poorer pre- and post-experimental 
control, the duration of sleeplessness varying from one to four nights. 
In my work (67) six male subjects were employed, each of them going 
through one or more sleepless periods lasting from 40 to 115 hours. 
Herz (45) performed such an experiment once on only one subject 
(himself), keeping awake for 80 hours. Rakestraw and Whittier (108) 
kept 8 men awake for 48 hours. A group of professors at George 
Washington University (4) had two men and four women go without 
sleep for two nights, and two men for three nights. Kroetz’s two 
subjects were awake from 50 to 80 hours on four occasions (71). In 
none of these investigations were significant deviations from the normal 
observed in the following: heart rate, blood pressure, body temperature, 
basal metabolism, appetite, composition of blood (hemoglobin, red cell 
count, glucose, non-protein nitrogen, alkali reserve, pH, ionic balance), 
and composition of urine (total nitrogen, total acidity, urea, uric acid, 
ammonia, creatinine, chlorides and phosphates). I found no changes 
in the leukocyte count, but Herz reports an increase from 5500 to 9300, 
with a drop to 5000 on the fourth day of insomnia, and the George 
Washington workers noted a gradual increase in the leukocyte counts 
to levels definitely above normal in six out of eight subjects. Herz and 














SLEEP 643 


I also observed a decided divergence of the eyes in extreme sleepiness. 
Reaction time and ability to repeat numbers made up of many digits 
(Merkfahigkeit) were found by Herz to be unchanged. Lee and I (82) 
could detect no changes in the knee-jerk, pupillary reflex (although pupil 
was smaller than normal during prolonged sleeplessness), or in the 
sensory threshold for faradic stimuli. We did, however, note a marked 
deterioration of the power to maintain the body in the erect position, by 
applying the graphic method to the Romberg sign. Laslett (81) 
using an ‘‘ataxia-meter’’ under similar conditions observed a consider- 
able deviation from the normal (minus 33.8 per cent in a lateral direc- 
tion, minus 51.8 per cent in the antero-posterior direction ). 

Several mental or psychological performance tests were made use of in 
attempts to bring out the effects of experimental insomnia. Smith 
(120) applying a number of such tests to herself found the effects of short 
periods of sleeplessness (never more than one night) to be increased 
efficiency immediately following the insomnia, succeeded by gradually 
decreasing efficiency for the next few days. Robinson and Herrmann 
(112) employed the following tests on the subjects who went without 
sleep for from 60 to 65 hours: hand dynamometer, tapping, aiming, 
reading letters and mental multiplication. The experiment was per- 
formed only once, but was preceded by a long period and followed by 
a short period of control observations. The results were entirely 
negative. The performance of the subjects was not affected by sleep- 
lessness in any consistent manner. Robinson and Richardson-Robinson 
(113) tested a whole class of students by giving them portions of the 
alpha intelligence examination. They could detect no difference in 
performance after 24 hours of sleeplessness. Lee and I (82) found that 
the results of mental tests of short duration (naming of opposites, color 
naming, cancellation, mental multiplication) showed no deviation from 
the normal during prolonged wakefulness, but in one of these tests, when 
the subject had to name 1200, instead of 100, colored squares, his 
performance was definitely poorer as a result of sleeplessness. This 
gives some support to the explanation offered by Robinson and Herr- 
mann for the absence of an observable effect of sleeplessness, namely, 
that the subject tested makes a greater effort than usual in his attempt 
to do just as well as when he had plenty of sleep. It would seem that 
the extra effort can be sustained for a short time, but not for 15 minutes, 
the time required to name 1200 colors. 

The George Washington workers (4) employed the alpha test, naming 
of opposites, checking of numbers, color naming and the keenness 
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of observation of automobile license plates during their insomnia 
experiments. No significant changes in performance were observed. 
Weisskotten (132) stayed awake for 62 hours. This was preceded and 
followed by one week of control observations. The tests involved 
memory, speed and accuracy of performance. His conclusions are that 
“loss of sleep does not seem to affect either the mental or the physical 
powers to any appreciable degree, unless continued to a great length.”’ 
Laird (74) gave mental multiplication tests to two squads of 5 students 
each on two successive mornings. One squad was allowed to sleep, the 
other was kept awake all night. Tested the following morning, the 
‘“insomnia’”’ squad made a greater number of errors than the normal 
squad. Laslett studied the effects of loss of sleep for 48 hours, in nine 
subjects (80), and, on a subsequent occasion, for 72 hours, in four 
subjects (81). He found that sleeplessness had a deleterious effect 
upon performance. The scores of the code test were lowered 10 per cent, 
of the addition test 13.8 per cent, and of the Thorndike intelligence test 
24.5 per cent. Similar effects followed a 40 per cent reduction in the 
duration of sleep for five consecutive nights. It appears that the 
results of Laird and of Laslett are not in agreement with those of all 
other observers. 

The subjective experiences of the persons kept awake are of interest. 
In our laboratory (67) it was found necessary to watch the subjects 
continually. If not watched, they sat down in some dark corner, pre- 
sumably to rest, and would fall asleep at once. When aroused by the 
watchers they were irritable and cross and often denied strenuously 
their having fallen asleep. They maintained that they closed their 
eyes to rest the tired eyelids and relieve the dryness of the eyes. Sleepi- 
ness, or inability to resist the onset of sleep, was much more in evidence 
at night, especially around 3-4 a.m., when the temperature was at its 
lowest, than the day following. At all times, however, it was much 
easier to keep awake while doing something, even if it were only talking 
or singing, than while resting. Hallucinations or day-dreaming in the 
literal sense were also observed (4, 45, 67, 80, 81, 112). 

Concerning the time needed for recuperation after a period of pro- 
longed wakefulness there is a general agreement among the various 
workers that 8 to 10 hours is sufficient. One of the exceptions in this 
respect is Herz (45) who abstained from sleep once only, for 80 hours. 
He, with an entire disregard for the diurnal rhythm already referred to, 
went to bed at 2 p.m., and with one interruption slept till 6 a.m. next 
morning. On the basis of this one experiment he concluded that one 
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needs 14 hours of sleep after having been awake for 80 hours. It never 
occurred to him that other subjects or he himself might do differently 
under other conditions. I am certain that had Herz gone to bed at 
10 p.m., he would not have slept more than ten hours. Yet I noticed 
many cases of uncritical acceptance of this isolated finding of Herz by 
various authors, and various fanciful deductions made therefrom. 

b. Experiments on animals. In a microscopic study of the various 
parts of the central nervous system of dogs kept awake for a long time 
Piéron (104) found changes in the cells of the frontal areas of the cerebral 
cortex, but not in the occipital cortex, cerebellum, medulla or spinal 
cord. The markedness of the histological changes was directly related 
to the length of the insomnia period. Okazaki (98) placed dogs into 
special cages, where nails sticking out from the floor and sides prevented 
the dogs from lying down and falling asleep. The minimum period of 
survival under these conditions was 14 days, maximum, 77 days. The 
chief histological findings were changes in the cells of the cerebral cortex, 
producing a picture somewhat similar to that of a psychotic brain. 
Shiziraku (117), using the same type of cage, kept the dogs awake until 
they stopped eating. There was a rise in temperature of 1.5 degrees, 
a decrease in the pupillary response, a decrease in volume of urine. 
Total nitrogen in urine, nitrogen in the blood and CO.-capacity of the 
blood remained unchanged. 

Different results were obtained by Bast and his co-workers (7) who 
kept rabbits awake for from 8 to 31 days, by placing them into slowly 
revolving cages. This often led to collapse and death of the animals. 
The authors noted definite changes in the cells of the spinal cord and 
medulla in these rabbits. The thyroid and adrenal glands were also 
examined, but the changes seen in these did not permit them to draw 
definite conclusions. On the functional side, as collapse approached, 
there was a fall in temperature of 4 to 5 degrees, and the pulse and 
respiration were slowed. 

I kept a number of puppies awake for several days, and the main 
symptoms observed related to muscular weakness (69). Some animals 
ate and drank well even after seven days of sleeplessness, others refused 
food after three or four days. There were no appreciable variations in 
the body temperature, heart rate, respiratory rate, blood sugar, alkaline 
reserve of the blood, hemoglobin or leukocyte count. ‘There was a 
decrease in the number of red blood cells, amounting in some cases to 
more than 25 per cent. 


It must be borne in mind that in all experiments prolonged wakeful- 
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ness, both in man and in animals, could be accomplished only at the price 
of continued muscular activity. That some of the effects observed were 
not due to neuromuscular fatigue cannot be proved, because it is 
impossible to rule out this factor. 

V. SLEEP IN DISEASED CONDITIONS. In 1890 Mauthner (89) con- 
nected the then current epidemic of sleeping sickness with lesions in 
the periventricular gray (Héhlengrau). During the epidemic of enceph- 
alitis that prevailed in Europe during the last war it was Economo 
(23) who investigated this disease and related it to lesions in the posterior 
portion of the floor of the third ventricle. Either sleepiness or sleepless- 
ness was an important symptom. In the first case the lesion was 
localized by Economo more anteriorly, in the second case more poste- 
riorly. In 1919 Francais and Vernier (33) treated a woman 38 years 
old, who began to have fits of somnolence twice or thrice daily for about 
four months preceding her death. Gradually her sleep attacks became 
longer, the sleep deeper, and finally she slept almost all the time. 
Autopsy revealed a well-limited tumor of the third ventricle. Pette 
(103) studied the sleep disturbances of encephalitis, and he also localized 
the lesion in the floor of the third ventricle. He called this region the 
sleep center. Stiefler (123) noted that the sleepiness that followed 
epidemic encephalitis developed gradually, in the course of several 
hours and lasted a number of days. Luksch (86) tells of a case of 
endocarditis lenta, with aortic insufficiency and empyema. The 
patient slept continuously, day and night, for the last two weeks of his 
life. . He could be awakened only with difficulty and would sleep again 
as soon as he was permitted to do so. The eyelids were closed, the 
eyes rolled up and out. He had a good knee-jerk on both sides, and the 
Babinski sign was negative. On postmortem a suppurative destruction 
of the ventricular gray in the third ventricle and around the aqueduct 
was demonstrated. Adler (2) had a similar case of endocardits followed 
by a general spreading of the infection. His patient’s illness ran a course 
much like that of Luksch’s, and on autopsy an abscess was found in the 
ventricular gray of the third ventricle as well as in the hypothalamus. 
Hirsch (48) reported a case of sleeplessness and delirium in a woman 
67 years old, in whom after death the presence of an abscess stretching 
from the anterior to the posterior commissure was shown. The same 
author (49) had three patients suffering from somnolence and later from 
prolonged sleep. In one of these there was a lesion in the dorsal ven- 
tricular gray of the aqueduct, in the other two lesions were found in 
the region of the pulvinar, near the posterior commissure. 
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McKendree and Feinier (90), after a study of 32 cases of cerebral 
neoplasms, concluded that somnolence might occur regardless of the 
anatomic region involved. There is generally an increased intra- 
cranial pressure in such cases, with or without ventricular distention. 
Somnolence may appear before any demonstrable increase in intra- 
cranial pressure manifests itself, and without changes in the ventricles. 
In their series of somnolence cases internal hydrocephalus was most 
constantly observed. Fulton and’ Bailey (36), on the basis of the 
observation of a number of patients, conclude that ‘‘there isno syndrome 
of the third ventricle, per se, but tumors immediately affecting this 
cavity may cause characteristic symptoms by pressure on its walls, 
and their contained nuclei and tracts.’”” Hypersomnia they consider 
among the well recognized symptoms of a lesion in the ventricular gray 
around the posterior end of the ventricle and the aqueduct of Sylvius. 

Edinger and Fischer (25) examined the brain of a boy who died at the 
age of 3¢ years from pulmonary tuberculosis. From birth on the child 
slept and would stir and ery only when hungry, thirsty or soiled. His 
eyes when open were turned up. He never learned to recognize his 
mother, by sight or sound of her voice, never made faces or smiled. 
Autopsy showed a bladder filled with neuralgia, in place of the neen- 
cephalon. The paleoncephalon, however, was well developed. 

In contradistinction to cases of sleepiness preceding sleep we have 
the condition of narcolepsy, where the onset of sleep is sudden, sometimes 
embarrassingly so. Adie (1) gives a detailed account of 21 such cases. 
The sleep is generally short lasting, may occur several times per day, is 
favored by conditions that lead to the onset of normal sleep. Associated 
with narcolepsy is catalepsy, a sudden relaxation of the body muscula- 
ture on emotion (like laughing), resulting in a fall. 

Lhermitte (84) gives a good general account of the pathology of sleep. 
A summary of his report was published in English by Freeman (34). 

VI. THE PHARMACOLOGY OF SLEEP. Karger (63) found that hypnotic 
drugs, with the exception of KBr, did not decrease the motor activity 
of children during sleep, when given in therapeutic doses. Large doses, 
producing narcosis, abolished all movements. Atropin and caffein 
medication caused continuous activity throughout the night. The doses 
of these are not indicated. Hollingworth (51), experimenting on 16 
subjects, noted no appreciable effect of small doses of caffein (1 to 4 
grains) either upon the quality or the amount of sleep. Larger doses, 


however, (6 grains), produced a marked impairment in the sleep of most 
of his subjects. 
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Molitor and Pick (93) have shown that different hypnotics act on 
different parts of the central nervous system. Chloretone acts on the 
centers in the brain stem, while most of the other drugs act on the 
cerebrum and leave the brain stem unaffected. They performed experi- 
ments (on rabbits), consisting of combining subminimal doses of 
chloretone with subminimal doses of ureth'ane and paraldehyde, or KBr, 
or morphine, and found that the combined subminimal doses produced 
deep sleep. 

Keeser and Keeser (65) combined derivatives of barbituric acid with 
FeCl; chemically. Rabbits were injected with non-lethal doses of these 
compounds at intervals of 1-3 hours, then killed by bleeding 8-9 hours 
after the first injection. After having been hardened the brains were 
treated with K;Fe(CN);.. The authors performed appropriate control 
experiments and could show that the hypnotics studied were concen- 
trated mainly in the thalamus and in the corpus striatum, but never in 
the cerebral cortex, mesencephalon, cerebellum, pons or medulla. In 
another series of experiments the same authors (66), by a different 
method (sublimation) investigated the distribution of caffein, morphine 
and barbituric acid derivatives, in the central nervous system. Caffein 
could be found in all parts of the nervous system (spinal cord was not 
examined), even when only 0.1 mgm. was injected intravenously into 
rabbits. Morphine was found only in the cerebral hemispheres, 
thalamus and corpus striatum. Barbituric acid derivatives, as in the 
other series of experiments, were concentrated only in the thalamus 
and corpus striatum. 

Litwer (85) made some experiments to test Bouchard’s theory of 
sleep, based upon the supposed convulsive action of urine excreted 
during sleep and the narcotic action of urine secreted in the waking 
hours. Convulsions and death could be produced by injecting concen- 
trated urine (osmotic pressure 25 to 7 times that of the body fluids) into 
the ear vein of rabbits, but the same urine diluted had no effect. Litwer 
explains the positive results of Bouchard as due to the great concentra- 
tion of solids in the urine used for injections. 

Demole (21), on the basis of a reported decrease in calcium concentra- 
tion in the blood during anesthesia, and of his own finding of a similar 
decrease during sleep, and on the supposition that the calcium is taken 
up by the brain, performed the following experiments on cats. Aftera 
preliminary exposure of the brain under ether anesthesia he injected 
from } to 2 mgm. of CaCl, (75 to #5 cc.) into the region of the gray 
matter close to the infundibulum, tuber cinereum, over the optic chiasm. 
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The result was sleep, lighter or deeper, lasting from 30 minutes to 3 
hours, depending upon the dose of CaCl given. There was also a 
slowing of the pulse and respiration , narrowing of the pupil, appearance of 
the nictitating membrane. Injections into other regions of the brain, 
later checked by anatomical examination, were without any effect. 
Into two cats KCl was injected, and this led to stupor, stiffness and 
convulsions, but not to sleep. The effects of a KCl injection could be 
abolished by CaCl, injections, but not vice versa. 

Berggren and Moberg (9) repeated the experiments of Demole, also on 
cats, using CaCl, and KCl solutions isotonic with blood plasma, and 
controlling their injections by merely inserting the needle or by intro- 
ducing Ringer solution. They obtained sleep from injection of either 
CaCl, or KCl, and sometimes from merely inserting the needle, but their 
effective region coincides with that delineated by Demole. 

Lust (87) could overcome the sleeplessness that often follows epidemic 

‘encephalitis by the intramuscular injection of 2 cc. of milk, but not by 
hypnotics. Not only milk, but anything that would raise the body 
temperature (foreign proteins) accomplished the same end, hot baths 
among other things. 

VII. THEORIES OF SLEEP. Piéron (104), in his book, gives a critical 
review of the theories of sleep proposed up to 1912. He makes a distine- 
tion between partial theories, which explain the mechanism of going to 
sleep, and complete theories, which explain the biological necessity of 
sleep. A theory may be a working hypothesis, predicting the results of 
investigations and susceptible of experimental verification, or it may be a 
scheme of things, based upon existing data and the author’s imagination, 
but in either case it must be in agreement with known facts. It is the 
test of this agreement that makes a theory more or less acceptable, or 
not acceptable at all.! 

In a recent review Claparéde (17) points out, with satisfaction, that 
his “biological’’ theory of sleep stood up well against the array of new 
facts that have been accumulated since 1905, the time his theory was 
first propounded. Claparéde calls sleep an instinct. Without discus- 


1 T want to mention some papers of a purely theoretical character that may be 
found to be of interest. Lhermitte and Tournay (84) gave a critical review of the 
present status of the physiology and pathology of sleep before the French Neuro- 
logical Society. A very scholarly review of some of the existing theories of sleep 
was written by Nachmannsohn (97). A view of sleep as an escape from unpleasant 
experience or humdrum existence is expressed by Willey and Rice (134). Lan- 
dauer (76), Woolbert (136), Aron (5), Mott (95), Poetzl (106, 107), Altschuler 
(3) discuss the problem of sleep in its various aspects. 
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sing the meaning of the word instinct, and assuming that by it we all 
mean the same thing, it is clear that sleep is not explained by using this 
term. If one said that hunger was an instinct, would that be considered 
a satisfactory explanation of the mechanism of hunger? Claparéde 
further develops his theory by saying that we sleep not because we are 
intoxicated, but in order that we should not be intoxicated. Would 
one consider it a good explanation of the mechanism of respiration, if he 
were told that we breathe not because we are asphyxiated, but in order 
that we might not be asphyxiated, even though it is true that failure of 
respiration means asphyxia and death? It is probably true that 
deprivation of sleep for a long time would lead to death in man, as it 
does in animals, but that does not explain why under certain conditions 
we fall asleep. According to Claparéde, we fall asleep because we are 
not interested in what is going on around us, and we wake up because 
we are tired of sleeping. Just as one stops eating because he had 
enough food, so does one wake up because he had enough sleep, says 
Claparéde. All that can be said about Claparéde’s theory of sleep in 
1929 is that it is still a collection of platitudes, mostly true, but con- 
tributing nothing toward the solution of the problem. 

As already indicated Shepard’s work (116) disposes of the brain 
anemia theory of sleep. On the basis of introspective analysis he states 
that ‘‘as we go to sleep we become absorbed in a mass or complex of 
fatigue sensations. These tend strongly to inhibit other processes, 
especially motor activity and consciousness of strain sensations from the 
muscles.’”’ Shepard’s scheme has one important flaw. Although under 
ordinary conditions fatigue precedes sleep, one need not be fatigued in 
any sense, mental or muscular, in order to fall asleep. 

The explanation of sleep as a general internal inhibition of the cerebral 
cortex, advanced by Pavlov, is far from satisfactory. Sleep may last 
for a short time or for a long time. What is it that determines its dura- 
tion? Some of Pavlov’s dogs slept for a definite period of time, from 25 
seconds to 2 minutes, and then quickly and spontaneously awakened, 
a sharp alimentary and motor reaction (100). It is clear that this 
temporal inhibition of the motor and secretory activity could be brought 
about only through inhibitory discharges from some cerebral center, 
conditioned to do just this by long training. If sleep is a generalized 
inhibition involving the entire cortex, where does the temporary 
inhibitory influence come from? Also, if the entire cortex is non-func- 
tioning, how is dreaming, involving as it does analysis of sensations on 
the basis of previous experience (memory), possible? 
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These and many other questions will have to be answered before this 
theory of the onset of sleep can be accepted. One should also remember 
that all the facts upon which the theory is based were obtained by one 
group of investigators. It is highly desirable that these experiments be 
repeated and the results confirmed. In our laboratory dogs have been 
used for the study of the motor and secretory activities of the gastro- 
intestinal tract for many years. Often it was necessary to keep the dogs 
in stands similar to those used by Pavlov in his work on conditioned 
reflexes. It was the experience of everyone here to see the dogs go to 
sleep while in the stand. Conditioned reflexes were not at all involved 
in this work. In my work on conditioned reflexes, however, I have seen 
dogs fall asleep under conditions where no inhibition of any kind was 
involved. One interesting case, to be reported soon, was that of a dog 
that fell asleep habitually while actively secreting saliva as a conditioned 
reflex. The secretion always stopped after the onset of sleep, and not 
before, showing that there was no local cerebral inhibition preceding 
the onset of sleep. 

It must be kept in mind that Pavlov and his associates consider the 
onset of sleep a form of inhibition. On the other hand, it may be and is 
looked upon by many as an active conditioned reflex, especially the habit 
of going to sleep under certain conditions or at a certain hour. Indeed 
Pavlov himself (100) cites a case where a morphine conditioned reflex 
led to sleep. A single injection of morphine causes the dog to secrete 
saliva, vomit, then gradually pass into a state of depression that might 
perhaps be called sleep. If the injections are repeated daily for several 
days, the sight of the syringe used for injection will act as a conditioned 
stimulus, making the dog salivate, vomit, and accordng to Pavlov, 
fall asleep. A great number of dogs had the morphine-conditioned 
salivary reflex developed in the pharmacological and physiological 
laboratories of the University of Chicago. They salivated and some- 
times vomited, but none of them had ever fallen asleep at the sight of 
the syringe. 

A physiologically more acceptable explanation of the onset of sleep 
is given by G. T. Johnson (56), although, unlike Pavlov’s, his theory is 
not based on any experimental data. He starts with the assumption 
that there must be a special apparatus responsible for sleep since sleep 
is an important function. This center, made up of “‘sleep’’ neurones 
must be in the cerebral cortex, because sleep shows the features of 
learning by experience and habit formation, and these features are 
characteristic of cerebral activities. Catabolic products activate the 
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sleep neurones which inhibit the other cortical neurones—an important 
difference from Pavlov’s notion of a universal cerebral inhibition. 
“The relations between the sleep system and the whole of the central 
nervous system concerned only in elaborating the reactions of the waking 
state are mutually antagonistic.’ There can be no objection to 
Johnson’s scheme from the theoretical standpoint, but his idea of the 
manner of activation of the cortical sleep center cannot be accepted. 
He thinks that catabolic products do the activation, but sleep may be 
indulged in at all times, and habits can be established in connection 
with the manner, time of onset and duration of sleep. Johnson also 
thinks that the cortical sleep apparatus is duplicated in the lower nervous 
centers, since animals without a cortex continue to sleep. But more 
about such animals a little later. 

The existence of subcortical sleep centers has been deduced lately 
from the results of clinical and pathological studies made on patients 
suffering from sleepiness or sleeplessness, often during or after an attack 
of epidemic encephalitis. Pette (103), Adler (2), Luksch (86) and others 
do not hesitate in locating the sleep center in the ventricular gray 
surrounding the posterior portion of the third ventricle and the anterior 
portion of the aqueduct. Hirsch (48), while putting the center in the 
same region, considers that it regulates not only sleep but also wakeful- 
ness. Leyser (83) speaks of functional elements which have no motor or 
sensory functions, but are concerned with spontaneity, wakefulness, 
sleep, states of consciousness, and their disturbances. 

The notion that there is a sleep center in the region of the third 
ventricle is not new. In 1890 Mauthner (89) suggested that sleep is a 
condition of fatigue of the ventricular gray. He thought that the 
direct connections between the cerebral cortex and the lower parts of 
the nervous system pass through this region (which we now know to be 
incorrect), and that the efferent impulses are blocked through fatigue 
of this center, sleep resulting from this block. 

The region of the floor of the third ventricle, the infundibulum and 
the tuber cinereum, has been connected definitely with the water 
regulation of the organism, lesions here producing diabetes insipidus, 
and Hess (46) considers it the center of the vegetative nervous system. 
He holds that there is an antagonism between the vegetative and animal 
_hervous systems, and that sleep is an act of vegetative regulation. 
When the animal apparatus loses its functions in sleep, it is because it is 
compelled to rest by the vegetative system which inhibits the pathways 
of animal communication. “Die Schlaffunktion zeigt uns den gesamten 
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animalen Apparat als Erfolgsorgan vegetativer Regulierung.’’ The 
finality of this pronouncement renders the would-be critic very timid. 

An attempt to reconcile the ‘‘corticalists” with the ‘‘subcorticalists’’ 
is made by Economo (24). According to him, sleep is a state involving 
not only the brain, but the entire body, and every organ in the body 
takes a part in the process. That sleep does not depend upon the inter- 
ruption of the functions of the brain alone is shown by that fact, says 
Economo, that sleep exists in animals without a central nervous system. 
What animals? Piéron (104) made it quite clear that the so-called 
“sleep” of plants and lower animals, even some fishes, is nothing but 
comparative immobility, depending on outside changes, such as light 
and darkness, ebb and flow of tides, etc., and not an inner necessity. 
Economo, like Johnson, mentions sleep in decorticated animals, based 
mainly on observations on dogs. Sleep can exist only when there is also 
wakefulness. Can decorticated dogs be said to be awake at any time, 
if by the term we mean critical reactivity? The observations of 
Rothmann (115) and others should be repeated to establish beyond 
doubt that these alternate states of rest and activity are not associated 
with hunger and other bodily needs, and are not a hang-over of a well 
established activity rhythm. Decortication should be performed on 
very young animals, before they got out of the polyphasic stage. It 
may also be mentioned that Goltz’ decorticated dog never gave any 
signs of dreaming while he was quasi-asleep. If it is to be conceded 
that a decorticated dog sleeps, why does he not dream? Edinger and 
Fisher (25), in their description of the behavior of the child without a 
neencephalon, emphasize that, in contradistinction to Rothmann’s dog, 
the child always slept. It would be better to say that deprived of a 
cerebral cortex, the child was never really awake. 

On the assumption that sleep is possible without the cerebrum, 
Economo considers the normal periodic alternation of wakefulness and 
sleep as a vegetative function of the whole organism, which like other 
functions of that type, has its center in the zone of transition between 
the midbrain and the twinbrain, i.e., in the region of the third ventricle 
and the aqueduct. On the other hand, on the basis of Pavlov’s experi- 
ments, he thinks that there must be a change in the cerebral cortex as 
well, and so the sleep regulating center (situated where?) provokes during 
sleep, by the type of inhibition mentioned by Pavlov, an interruption of 
consciousness at the level of the cortex and an interruption of conduction 
at the level of the midbrain. 


Adie (1) also suggests a double sleep center. He accepts Pavlov’s 
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explanation of sleep as internal inhibition of the cerebral cortex, but 
contends that there is also a sleep center located near the floor of the 
third ventricle. 

On the experimental side the results of Spiegel (121, 122) show that 
lesions produced in the ventricular gray of rabbits did not induce sleep, 
whereas lesions in the thalamus were followed by sleep of long duration. 
Spiegel localizes the sleep center in the thalamus which he looks upon 
as a primitive center of consciousness. He thinks that the afferent 
impulses reaching the thalamus from the periphery produce excitations 
there resulting in new impulses going from the thalamus to the cerebral 
cortex, where the reactions of the processes of higher consciousness and 
of wakefulness are elaborated. Lesions in the thalamus or functional 
changes at the onset of sleep prevent the relaying of the centripetal 
impulses of the cerebral cortex. The criticism that may be offered 
against Spiegel’s theory, or Mauthner’s, or any other that localizes the 
sleep center on the direct route to or from the cerebral cortex, is that 
pathologic somnolence or sleep is not accompanied by motor or sensory 
disturbances of a paralytic character. 

Lust (87), as already mentioned, believes that anything that will 
affect the heat regulating mechanism will produce sleep. He thinks 
that the sleep center may be located near the heat regulating center, 
which means somewhere in the corpus striatum. McKendree and 
Feinier (90) point out that somnolence may result from neoplasms 
anywhere in the brain. It appears then that even among the sub- 
corticalists, the floor of the third ventricle is not the only favorite site 
of the hypothetical sleep center. 

Several authors do not elaborate their theories sufficiently to make it 
possible for the ordinary reader to follow their line of thought. For 
instance, M. H. Johnson (57), in an attempt to give an “adequate”’ 
explanation of sleep, says: ‘“The explanation can be framed simply, in 
terms of mutual reinforcement and the substitution of organized 
reaction arcs.’”” That may be so, but what does it mean? 

I am now going to expose a theory of sleep elaborated by me some 
years ago (67). I did not then, and I do not now, claim exclusive 
authorship of the ideas presented. Aside from the results of my experi- 
ments, the writings of Heubel, Mauthner, Hughlings Jackson, Sidis, 
Coriat, Piéron, Dunlap, Haberman, and others suggested the scheme 
developed. In outline it is as follows. 

1. Sleep is an easily reversible inactivity of the highest functional 
centers of the cerebral cortex. 
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2. The inactivity is due to a functional break between the cerebral 
cortex and the other parts of the nervous system. 

3. The functional break results from a marked decrease in the number 
of afferent impulses from the sensorium, especially proprioceptive 
impulses which depend upon the degree of muscle tonus maintained. 

4. Sleep is due to fatigue of the neuromuscular mechanism concerned 
in the maintenance of muscle tonus. 

5. In the absence of such fatigue, sleep may result from complete 
muscular relaxation, intentional or unintentional. 

6. Diurnal alternation of wakefulness and sleep is a ‘“‘conditioned”’ 
phenomenon. 

1. Hughlings Jackson developed the doctrine of “‘levels’’ as applied to 
the central nervous system. The lowest levels or centers are the best 
organized and most resistant to fatigue and intoxication. The higher 
levels are least organized, and whatever organization they possess is the 
result of the individual’s own experience. The various levels concerned 
in sleep and wakefulness are cortical centers whose function is to analyze 
critically and accurately all sensory information that comes to them 
from the periphery, and to elaborate a response based upon the animal’s 
or person’s previous experience. They are the custodians of what we 
call memory, and they are involved in learning and solution of problems. 
They are the youngest cortical centers, phylogenetically and onto- 
genetically. They have no exact localization. It is most probable that 
they are scattered through the “‘silent’’ areas of the cortex. 

These differentiating and integrating centers or levels are continuously 
functioning while we are awake. Aside from them, there are in the 
cortex several gradations of lower centers which may also act as ana- 
lyzers, but their analysis is less critical and less accurate. The best 
example of the continued function of these secondary centers is the 
behavior of a person under the influence of a small dose of alcohol. 
The analysis of events is nearly, but not quite, as searching as it was 
before the ingestion of the alcohol, and this results in the removal of 
inhibitions to action (and thought) producing the well known feeling of 
contentment. In sleep these centers are inactive too, and the dream 
process is characterized by a still lower analysis and integration, and a 
more complete removal of inhibitions. Finally, deep sleep, generally 
conceded to be dreamless, may represent a complete absence of any 
sort of analysis, producing a functionally decorticated person or animal. 
In this connection I should like to refer the reader to the already men- 
tioned paper by Dunlap (22). 
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Just as these higher centers are susceptible to the action of poisons, 
they are more susceptible to fatigue. Well-mannered children become 
cross and unmanageable when they are sleepy. In adults a definite 
effect of prolonged wakefulness is a poorer performance of these highest 
centers. The subject is more irritable and ‘‘unreasonable,’’ less reliable, 
less honest even, and, as the wakefulness continues, he may suffer from 
hallucinations or dream with his eyes open. The subject may make 
efforts, but they are short lasting. Thus he may do as well as normally 
in psychological tests that take a minute or so to perform, but breaks 
down in so simple a task as color-naming, if it has to be carried on for 
10-15 minutes. With the regular diurnal alternation of periods of wake- 
fulness and sleep such fatigue of the higher centers never comes into 
evidence. ‘The factor of safety”’ is of a considerable magnitude. 

2. The idea of a functional break was originated by Mauthner (89) 
in 1890 for the efferent connections of the cortex, and by Haberman in 
1922 (41) for the afferent. No special evidence for such a break on the 
afferent side is needed. We all know from our own experience that 
information of events that took place during sleep never reached the 
higher centers. The lower centers may be reached in light sleep, and 
the resulting inadequate analysis of the information is probably what 
starts the dream process. The main proof of such a break on the 
efferent side is the appearance of the toe-extension reflex or positive 
Babinski. Elliott and Walshe (26) give numerous examples of purely 
functional states, mainly comas, where the toe-extension reflex appears. 
The toe-extension reflex, as I have shown (67), can be easily changed 
during sleep to the normal flexion response, simply by repeating the 
stimulation at short intervals. This seems to indicate that we are 
dealing with a summation of subminimal stimuli in so far as the flexor 
response is concerned, and that the functional break may take the form 
of an increased synaptic resistance along the pathways leading to and 
from cerebral cortex. Another indication of a possible increased 
synaptic resistance is the fact that stimuli of low intensity are without 
effect, whereas more powerful stimuli may serve to awaken the sleeper. 
Indeed, without the development of habits in connection with the dura- 
tion of sleep, and in the strict exclusion of all outside stimulation, im- 
pulses sent out from the distended bladder or rectum, from the contract- 
ing empty stomach, etc., when they become frequent and powerful 
enough, will break through these synaptic resistances and wake the 
sleeper. Thus natural awakening from sleep finds its explanation. 

3. During wakefulness there is a constant stream of impulses from 
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the various sense organs to the cortex. Important among these are 
impulses from the muscles themselves. Muscle sense was discovered 
only about 100 years ago by Sir Charles Bell. It is not because of their 
unimportance that proprioceptive sensations were not known before 
that time, but because, like the poor, we always have them with us. 
Touch, taste, smell, sight and hearing may come and go with the changes 
in our environment, but not so muscle sense. By going into a quiet 
dark room and lying down upon a soft couch we are left with the 
proprioceptive sensations as practically the only stream of disturbances 
reaching the cortex. As the muscles relax more and more, the number 
of proprioceptive impulses gradually decreases. When a certain 
critical low level of muscle¢ tonus is reached, sleep is precipitated. With 
sleep the tonus is so low, that no knee-jerk can be elicited. 

That the disappearance of the knee-jerk in sleep is due to complete 
relaxation (absence of or a very low muscle tonus) was shown by Jacob- 
son and Carlson (54) who could abolish the knee-jerk in the waking 
state by complete muscular relaxation. Of special importance in this 
connection is the work of Miller (92) who showed that extreme muscular 
relaxation led to a longer reaction time and a diminution in the apparent 
intensity of the stimulus. Miller’s experiments were complicated by 
her subjects falling asleep while they were relaxed. That was to be 
expected. 

I do not want to minimize the importance of other sources of sensa- 
tions in keeping the higher centers active. But generally they are all 
removed long before the muscular sensations are appreciably diminished 
by more or less complete relaxation. As the proprioceptive sensations 
are the last ones to go under ordinary conditions they assume a special 
importance. 

Absence of stimulation results in a raised threshold of irritability, 
expressed in the above mentioned functional break or increased synaptic 
resistance. Whether the hypothetical ‘‘sleep” centers in the periven- 
tricular gray or in the thalamus are concerned in the production of this 
functional break cannot be stated at the present time, but it is quite 
conceivable that they exert such an influence constantly and that this 
influence manifests itself when the number of afferent impulses to the 
cerebral center is markedly reduced. 

4. Continued activity results in neuromuscular fatigue. This leads 
to rest and muscular relaxation, and sleep follows. In all experiments 
on the effects of prolonged wakefulness, staying awake could be accom- 
plished only through continued muscular activity. This was the most 

















658 NATHANIEL KLEITMAN 


outstanding and constant finding in the experiments made in our 
laboratory. Sitting down made it very hard to keep awake, lying down, 
impossible to do so. In spite of numerous attempts, I have never 
succeeded in staying awake one whole night while lying in bed, but I 
stayed awake for several nights in succession when I was up and doing 
something. Objectively Lee and I (82) found a marked deterioration of 
the ability to stand upright after a period of prolonged wakefulness. I 
have pointed out repeatedly that experiments involving sleeplessness 
also involve extreme neuromuscular fatigue, calling insistently for 
relief through relaxation. Muscular fatigue—relaxation—sleep. 

5. Whereas under ordinary conditions neuromuscular fatigue precedes 
sleep, it is well known that one may fall asleep at any time irrespective 
of the presence of fatigue. It will be noted that in the last paragraph 
muscular relaxation is placed between fatigueand sleep. It follows that 
anything that will produce muscular relaxation will lead to sleep. In 
the summer time we are disinclined to engage in muscular activity 
because it makes us warm. We are therefore more inclined to relax our 
musculature, and we fall asleep with ease at almost any time of the day. 
A warm stuffy atmosphere of a lecture room, especially if the chairs are 
comfortable, very frequently produces sleep in some auditors, sometimes 
to their embarrassment. The percentage of sleepers increases, if the 
lecturer’s voice is monotonous and if the room is darkened for lantern 
slide projection. 

Adie (1) points out that narcolepsy, a condition characterized by a 
sudden onset of sleep, is associated with catalepsy, a sudden relaxation 
of the whole body musculature on emotion (like laughing). 

6. Very little need be said about diurnal sleep as we find it in some 
animals and in human beings. ‘The cycle of day and night serves to 
develop in animals and man what Pavlov calls a ‘‘natural’’ conditioned 
reflex. Darkness makes for poor vision and discourages movements. 
This leads to inactivity and relaxation, and sleep follows. Repeating 
this performance a great many times results in the establishment of a 
conditioned reflex of a temporal character—relaxation at a certain time. 
Likewise waking may be developed into a time-conditioned reflex. 

This is the theoretical history of diurnal sleep. Practically we are 
born into a social organization where diurnal sleep is the universally 
accepted mode of sleeping. The newborn baby is a truly polyphasic 
creature, to use Szymanski’s classification. The first habit that the 
mother tries to develop in a baby is that of an unbroken night’s sleep. 
As he gets older, other functions develop a periodicity that coincides 
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with the enforced sleep periodicity. For instance, a temperature curve 
develops, with a minimum at night, and produces a disinclination to 
night activity. Even the modest tear apparatus stops its function at 
bedtime, producing dry eyes and favoring their closure. And so on. 

I feel certain that under conditions of artificial illumination and 24- 
hour activity of a group, children brought up by that group could be 
trained into a 12-or 36-hour cycle of existence, instead of the present 24. 


The problem of sleep has yet to be solved. There are many questions 
to be answered, some of them by repeating the work of individual 
observers. There is no authority but that of facts, and until isolated 
observations have been repeatedly confirmed they cannot be classed as 
established facts. 

Which of the concomitants of sleep are essential in the process, and 
which are merely sequels of relative inactivity? Is there a definite 
curve for the depth of sleep? What is the minimum duration of sleep, 
compatible with well-being? Can there be rules for sleeping established 
applying to everybody? What is the nature of the state observed in 
dogs by Pavlov and his associates? Does the intracerebral injection of 
CaCl, produce sleep or narcosis? Is there such a substance as hypno- 
toxin? Are there definite histological changes in the cells of the nervous 
system as a result of sleeplessness? Do decorticated dogs really sleep? 
Is there a definite measurable minimum of muscle tonus that is necessary 
for the maintenance of the waking state? What is the meaning of the 
repeatedly confirmed connection between lesions in the gray of the third 
ventricle and sleep? Is there a center concerned in the development and 
maintenance of a diurnal rhythm in physiological activities, including 
sleep? 

It is hoped that this review will arouse more questions of this type, and 
that attempts will be made to answer them by further experimentation. 
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Multiform factors may influence the formation of red blood corpuscles 
and the hemoglobin pigment these cells contain. The obiect of the 
present review is the discussion of these different factors which may 
modify the process of regeneration of red cells and hemoglobin as it goes 
on in the normal animal body. A state of anemia is perhaps the most 
potent stimulus for active function of the hematopoietic organs. We 
shall discuss the diverse types of anemia produced experimentally and 
describe the various reactions evidenced during recovery. There is a 
tendency to draw deductions from one type of anemia and apply them 
to another or to compare results obtained in one species of animals with 
those belonging to another group. Weshall submit evidence to indicate 
the danger of such a procedure. In view of the great accumulation 
of data comprising the literature on the subject of red blood cell and 
hemoglobin regeneration it is obviously impossible for the writer to 
consider all publications. If any important contributions have been 
omitted or perhaps inadequately covered the reviewer offers an humble 
apology. , 

HEMORRHAGE AND HEMOLYTIC ANEMIAS. Price-Jones (85) conducted 
an extensive investigation in order to compare bone-marrow and blood 
changes obtained in these two different types of anemia. Employing 
phenylhydrazin he destroyed from 40 to 50 per cent of all the red cells 
in rabbits. In order to produce anemia by hemorrhage a volume of 
blood amounting to a loss of from 54 to 76 per cent of the estimated total 
oxygen capacity was removed. Total O2 capacity, detailed blood 
pictures and bone-marrow reactions were studied. Following phenyl- 
hydrazin injections pernicious anemia like changes resulted, termed 
by Price-Jones a ‘‘metromegaloblastic bone-marrow” and a “‘megalo- 
cytic blood” with color indexes ranging from 1.3 to 1.6. Price-Jones 
speculates that normal cell formation thus partially inhibited has to 
be reinforced by a production of metrocytes. The bone-marrow there- 
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fore becomes gradually depleted of these very early forms, both metro- 
cytes and megaloblasts. Following removal of blood, however, normal 
cell formation is not interfered with but is stimulated and while being 
supplemented with the production of metrocytes a larger number of 
these cells remain in the bone-marrow and mature. A marrow following 
the stress of hemorrhage is not depleted to the same extent as that 
subjected to the injury of phenylhydrazin. Price-Jones also describes 
dissimilarities observed in the recovery from these anemias and suggests 
that the regeneration following phenylhydrazin injection may be 
arrested or masked for a period of six days due to the direct toxic action 
on the bone-marrow. Such a delay is not observed following loss of 
blood by hemorrhage nor is the color index increased which is cited as 
one of the differences observed. 

One would of course expect a rather high color index in a hemolytie 
anemia since there is no actual loss of blood but instead a large store 
of liberated hemoglobin is made available. It hardly seems plausible 
that the hemoglobin would be utilized as such directly; we believe that 
it is broken down and worked over in some fashion or other for the 
rebuilding of new cell structures and hemoglobin. This process may 
take some time and this may perhaps be an additional cause for delay 
before regeneration can begin. In spite of this delay the final recovery 
is complete at an earlier date than that following hemorrhage anemia. 
This reaction gives evidence of the extremely finely adjusted and 
efficiently regulated conservation power of the body economy. Such 
anemias obviously do not test severely the capacity of the organism to 
form new red cells and hemoglobin out of food factors or other material. 

Itami (45) and Ritz (86) have made comparisons as to the rapidity 
of regeneration following the two types of anemia mentioned. These 
investigators indicate that repair from a phenylhydrazin injury is 
more rapid than that following loss of blood by actual removal. Price- 
Jones (85) offers a very apt criticism of their experiments since the 
conclusions drawn by both Itami and Ritz were based on red cells and 
hemoglobin values per unit volume of blood and not on any estimation 
of total circulating hemoglobin. We consider this an important and 
significant point since a knowledge of the total blood volume is so 
absolutely essential in the correct interpretation of any results con- 
cerning blood regeneration. 

._ Saponin is frequently employed to produce a hemolytic anemia. 
Bunting (16) has used saponin as well as ricin to produce an experimen- 
tal anemia in the rabbit and compared these findings with changes 
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caused by hemorrhage. Peripheral blood as well as bone-marrow 
pictures were studied. According to the belief of Bunting a sharp 
nucleated red cell reaction is a sign of bone-marrow injury and not of 
regeneration, occurring only when mature red cells at the periphery of 
erythrogenetic centers are destroyed by toxins or else depleted by excess 
hemorrhage. Ricin caused real bone-marrow injury with appearance 
in the blood-stream of atypical red cells such as macrocytes derived 
directly from megaloblasts without intermediate or normoblastic 
stages. This may represent an effort at compensatory repair. Bunting 
also points out that the bone-marrow injury may be one of varying 
degree dependent upon the method of administration of the toxic 
agents as well as upon the amount introduced. Either saponin or 
ricin injected into the blood stream directly destroyed the marrow 
cells and induced injury to the capillary walls resulting in extensive 
hemorrhage. Nucleated red cells entered the peripheral blood stream 
as a result of marrow hemorrhage, sclerosis of bone-marrow occurred 
which Bunting believes may almost completely replace hematogenic 
cells. Hemorrhage produced no bone-marrow injury, in fact it became 
hyperplastic. Isaacs and Méckel (43) suggest that saponin may be 
bound chemically to all body cells but affect those of the hematopoietic 
apparatus more intensely because these cells react more readily to 
growth irritation than other body cells. 

Blumenthal and Morawitz (14) raised the question whether bone- 
marrow could be rendered aplastic by long sustained blood loss. Both 
young and old dogs were made anemic by repeated blood removal 
during varying periods of time. These authors mention that the results 
obtained were not conclusive. Age of the animal as well as individual 
differences seemed to be prominent factors. A very important point 
has not been considered by Blumenthal and Morawitz. Their animals 
were fed mainly with meat which may result in considerable blood 
regeneration and contribute much to the prevention of anemia. Their 
figures do not depict a very severe anemia however nor did the time 
interval seem sufficiently long. Whipple and Robscheit-Robbins (122) 
have much evidence for an extremely prolonged reserve of material 
for hemoglobin and red cell construction which may take many months 
to exhaust in a normal dog. Seven weeks is the longest anemic period 
cited in the experiments of Blumenthal and Morawitz and whether a 
condition of aplasia may or may not be produced by mere removal of 
blood is an open question. Data of this laboratory accumulating for 
many years certainly point against such a probability, at least as it 
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concerns a severe hemorrhage anemia constantly sustained and of 3-4 
years’ duration. ’ 

Following chronic poisoning by phenylhydrazin in rabbits von 
* Domarus (109) reported hematopoietic foci in both liver and spleen, 
recording figures of 38 per cent erythroblasts in the liver. He observed 
a lymphoid reaction of the bone-marrow, myeloid changes in the spleen, 
and bone-marrow elements in the liver. From this evidence von 
Domarus concluded reversion to embryonal blood formation. Rabbits 
are a notoriously labile type of animal for any blood studies and the 
number of experiments cited by von Domarus is very small. Whether 
the above stress on the bone-marrow is sufficient to produce such changes 
in other experimental animals is an open question. Theoretically it is 
well known that both liver and spleen can revert to embryonal blood 
formation but we think the demand must indeed be a great or desperate 
one entailing an intense and protracted strain. 

McMaster and Haessler (67) speculated as to the possibillty of 
depleting the bone-marrow of stores for red cell stroma and induce it 
to produce fragile corpuscles. Rabbits were bled repeatedly and 
by reinjection of hemoglobin these investigators hoped to increase 
blood regeneration and exhaust the store of stroma substances. Their 
experiments resulted in a typical current jelly marrow showing exten- 
sive hyperplasia. There was not sufficient depletion of stroma to 
affect the resistance of red cells to hypotonic salt solution. McMaster 
and Haessler believe that the body can provide elements for stroma 
formation in excess of any ordinary emergency. 

Snapper (101) determined the resistance of red blood cells to varying 
concentrations of NaCl solutions during hemorrhage anemias in rabbits. 
He observed increasing resistance of red cells with each succeeding 
hemorrhage; for instance, red corpuscles showed much greater resistance 
to hypotonic salt solution after the fourth hemorrhage than following 
either the first or second blood removal, 

Morawitz and Pratt (74) comment on increased red cell resistance 
following both hemorrhage and hemolytic anemias as being due to 
incomplete oxidation. They conclude that in severe experimental 
anemia the oxidation in the tissues is not completed to the end products 
of metabolism but may be finished in the blood stream or perhaps in 
the lung and that the deciding factor may be the lack of oxygen. War- 
burg (114) also studied the phenomenon of increased red cell resistance 
but carried out the entire experimental procedure with aseptic technic. 
No methemoglobin formation occurred during the time of observation. 
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The amounts of oxygen consumed varied with the age of the cells. 
Differences between species were also noticed, normal human red cells 
consuming only minute amounts whereas rabbit cells and the nucleated 
corpuscles of geese used up considerable quantities of oxygen. That 
young red blood cells show increased oxygen consumption has been 
definitely established both by observations following hemorrhage in 
human beings as well as in numerous animal experiments. In fact the 
oxygen consumption has been advocated as a simple test to determine 
red cell regeneration by both Morawitz and Itami (75) (44). The 
latter author particularly conducted an extensive investigation study- 
ing O2 consumption in both dogs and rakbits following anemia produced 
by hemorrhage as well as by hemolytic toxins. In case of the latter 
oxygen consumption amounted to from 60 to 100 per cent while during 
repair of hemorrhage, values of 45 to 67 per cent were observed, demon- 
strating a more intense regeneration following hemolytic anemia. 

The blood is a rather labile system particularly as concerns plasma 
volume, red cells and hemoglobin. Ordinary changes of environment 
may result in marked variation of the three mentioned factors. Such 
influences as light, temperature and changes in partial O. pressure may 
upset the relationship of red cells to plasma. 

Licut. Ever since Schoenenberger (56) made the observation that 
light or darkness had no effect upon the blood picture publications 
have appeared pertaining to this subject. The author referred to 
failed to find a state of anemia when studying horses which had been 
confined in mines for periods of from 10 to 24 years. Similar observa- 
tions were made by Grober and Sempell (cited by Laurens, 55). Mules 
kept in dimly lit mines for a 5 to 10 year period did not show any decrease 
of red cells or hemoglobin. These authors indicate, however, that 
particular care as to food and abundant work might have sufficiently 
compensated. The Nansen polar expedition, subjected as they were to 
long polar nights, did not suffer any detrimental change on the part of 
their blood picture. Jesionek (55) points out that an anemic appearance 
following exposure to poor lighting or darkness may not indicate an 
actual change in the number of red cells or amount of hemoglobin 
content but may be accounted for by a decrease in the volume of blood 
going to the periphery. Laurens (55) cites his observations on two 
dogs kept in darkness for a period of 9 months. An initial decrease of 
red cells and hemoglobin was followed by a steady increase although 
at the end of 8 months the red corpuscles were still at a level below nor- 
mal. These same animals on readmission to light demonstrated a 
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further decrease and then a return to mormal. One must of course 
remember that plasma volume changes may account for these various 
observations. 

The need of plasma volume determination is again emphasized when 
studying hematopoiesis following ultra-violet irradiation. The therapeu- 
tic use of these rays has also revived interest in their effect on the blood 
picture. Miles and Laurens (55) have made blood volume estimations 
based on the percentage of total solids in their study on the result of 
carbon are exposure in dogs. ‘The initial decrease was followed by an 
increase in red cells indicating stimulation of blood forming organs 
obscured at first by an increasing plasma volume. A more recent con- 
tribution from the same laboratory (61) cites further experiments on 
dogs exposed to carbon arc irradiation. The primary effect observed 
was a vasodilatation followed by diffusion of tissue fluid into the blood 
stream. On continued irradiation or exposures repeated at short inter- 
vals this plasma dilution was counteracted by overheating resulting in 
vasoconstriction and plasma concentration. The response on part of 
the red blood cells varied. Repeated exposure resulted in an increase 
in red corpuscles ranging from 10 to 19 per cent, this rise being main- 
tained for a period of from 3 to 6 weeks after the last irradiation. Fol- 
lowing massive doses the red cells were larger and less saturated with 
pigment but in the post-irridiation periods smaller and pale cells were 
observed. The explanation suggested by Mayerson and Laurens (61) 
is that during the raying period there is a minimum formation of new 
red cells, the system calling chiefly on its reserves while in the post- 
irradiation period the bone-marrow has exhausted its stores and forms 
cells low in hemoglobin and of low color index. Excessive radiation 
was found to result in fragmentation and cell destruction. Koeppe 
(51) demonstrated destruction of red cells in vitro by exposure to 
ultraviolet rays for varying time limits. This author believes that the 
hemolysis is not brought about by light energy changing to other 
physical (heat) or chemical energy but is the result of catalysis with 
the aid of a catalyst. 

While in vitro experiments may not necessarily indicate similar 
changes occurring in the body it certainly does not seem improbable 
that such a powerful agent capable of producing the many chemical 
reactions which it can bring about will on prolonged or excessive ex- 
posure injure such labile substances as the red blood cells. As to the 
mode of action no definite hypothesis is formulated. Laurens (55) 
indicates the formation of some photochemical substance formed in the 
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skin, carried by the blood stream to the various organs and there bringing 
about the observed changes. The effect is said to be twofold, first 
the photochemical one which ends with a dermatitis and its logical 
effects and the second a biological one which may last for some time. 
The blood changes may be due to secondary reactions. Clark (20) in 
her review of the physiological action of light emphasizes that reactions 
reported are usually complicated by both heat and altitude and that the 
chemical change in the skin may act asa stimulus to metabolism. The 
majority of authors apparently agree on some hematopoietic effect of 
ultraviolet irradiation. 

ALTITUDE. Bert in 1882 (13) and Viault in 1890 (110) reported 
increased hemoglobin values observed at high altitudes. Since that 
time careful studies of blood pictures have been made on several altitude 
expeditions. Participants in the Pike’s Peak, California, and Peru 
(24), (100), (7) investigations all agree that a definite increase of red 
cells and hemoglobin was obtained. Blood volume estimations showed 
the immediate abrupt rises of red cells and hemoglobin to be due to 
changes in plasma volume. Following this earlier concentration a 
gradual new formation of red corpuscles occurred which by degrees 
overtook the original red cell volume due to concentration. One must 
of course remember that in the blood volume studies utilizing the CO 
method a possible increase in muscle hemoglobin might introduce a 
variable error. Most of the investigators who have taken part in these 
expeditions lived a much more strenuous existence while working at 
high altitudes; the additional exercise may have resulted in increased 
muscle pigment. 

The studies of Smith, Belt, Arnold and Carrier (100) included both 
plasma volume and red cell determinations, the first by the usual dye 
method and the red cell volume utilizing CO in its estimation. This 
combined procedure demonstrated a true blood volume increase (a red 
cell volume rise of 17 per cent) following a 4 weeks’ residence at an 
altitude of 11,000 feet. Temperature represents another factor to be 
considered in blood volume studies at high altitude. This has been 
particularly stressed by participants of the Peru expedition (7) who 
point out that in hot climates much of the blood is in the skin, the 
increase in the vascular bed may be considerable and the blood volume 
is augmented to preserve the proper relation between the quantity of 
the vascular fluid and the bed which contains it. The relation of blood 
volume to external temperature had been confirmed by animal experi- 
ments tested during, before and after exposures to high temperatures 
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in glass respiration chambers before the expedition to Peru was under- 
taken. Various theories have been advanced to explain the reason of 
these observed changes. Shrinkage of plasma volume as well as a 
redistribution of red cells has been considered in this connection. 

The literature contains a vast amount of evidence referring to the 
spleen as a blood reservoir. Barcroft (8) indicates that a contraction 
of the spleen to one-half of its original size may express as much as 5 
per cent of the total number of red cells into the circulation. He 
surmises that such a contraction might be brought about by oxygen 
want either due to a reduction in oxygen in the atmosphere or by the 
addition of carbon monoxide to the air. Barcroft suggests further that 
the increase of red cells and hemoglobin is probably not produced 
by asingle method. Alteration of partial pressure of oxygen and there- 
fore oxygen tension of the arterial blood reaching the tissue is assumed 
to be mainly responsible for changes of hemoglobin concentration. 
According to the reports of the Peru expedition (7) the increase in 
hemoglobin was so great that in spite of decreased saturation of blood 
and although the subjects suffered from oxygen want each cubic centi- 
meter of blood contained more oxygen at high altitude than at sea level. 
In summary we might state that following residence at high altitude a 
definite increase in red cells and hemoglobin takes place, at first the 
process may be due to an emergency measure, either a concentration of 
plasma volume, a possible contraction of the spleen or opening of 
capillary areas until finally increased bone-marrow activity has com- 
pensated. These changes are brought about because of oxygen want 
due to decreased partial pressure of oxygen at high altitude. 

Campbell (17) has confirmed the effect of altitude on the blood picture 
by animal experiments. Monkeys, rabbits, rats and mice have been 
placed in chambers for 33 days where pressures have been lowered to 
the equivalent of an altitude of 30,000 feet. His results indicated an 
increase in both red cells and hemoglobin following a preliminary de- 
crease. No blood volume data are given. Schauman and Rosenquist 
(97) conducted similar exper‘ments utilizing dogs and rabbits with 
confirmatory results of Campbell’s work. Unfortunately these authors 
omitted blood volume estimations. Dallwig, Kolls and Loevenhart 
(21) studying the bone-marrow of rabbits subjected to reduced oxygen 
and atmospheric pressures observed extensive hyperplasia of erythrocyte 
forming centers, marked dilatation of capillaries and small vessels of 
the marrow which were engorged with blood. A change in carbon 
dioxide concentration has been suggested by Jordan and Speidel (49) 
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as a fundamental stimulating cause for the rate of erythropoiesis. 
These authors believe the cause of this stimulation to be due to the 
acid properties of carbon dioxide and its consequent power to decrease 
oxygen fixation. Jordan and Speidel indicate that the mechanism by 
which carbon dioxide acts is not known. 

KATABOLISM AND CONSERVATION OF HEMOGLOBIN. Various investiga- 
tors have observed that the recovery from an anemia produced by 
hemolytic agents occurs at an earlier date than repair from a hemorrhage 
anemia. This theory has formed the basis of many animal experiments. 
Robertson (87) in his study on blood production transfused normal 
rabbits with whole blood until the animals became plethoric. He 
noticed that with the development of plethora reticulated cells in the 
peripheral circulation decreased. Some of his animals developed a 
severe anemia with rapid regeneration later. The cause of the anemia 
Robertson believes to be due to decreased blood production during 
plethora, consequently the corpuscles of the recipient are gradually 
reduced in number and are replaced by alien cells until the latter con- 
stitute the bulk of the circulation. With the diminished bone-marrow 
activity and perhaps a development of immunity to donor blood the 
transfused cells are destroyed. Robertson suggests that the subsequent 
regeneration is not to be considered as due to the presence of these 
breakdown products since large amounts of laked red cells injected 
intravenously into rabbits had no effect on the blood picture. Simple 
blood removal from a plethoric animal brought back the hemoglobin 
to the normal level and resulted in a marked increase of reticulated 
cells. - The explanation indicated by Robertson for the increased bone- 
marrow activity accompanying the initial drop of hemoglobin in the 
plethoric rabbits is a possible temporary relative oxygen deficiency 
since the animal during the period of plethora had in some way adapted 
itself to a blood of greater oxygen carrying power. The loss of blood 
in such an animal constituted a relative but not absolute anemia. 

Robertson’s result in anemic rabbits seems at variance with the 
general observation that the introduction of laked blood has a decided 
effect upon the blood picture. No mention of the extent of the anemia 
is made and the blood was injected when regeneration was under way. 
In fact Robertson indicates that some of the animals had practically 
reached a normal level before treatment was instituted. We believe 
that this explains the discrepancy, that even in the animals quoted as 
severely anemic the natural reserve stores of blood building stones 
had not been sufficiently depleted and that therefore there was not 
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sufficient stress for conservation. Itami’s experiments (45) with the 
intraperitoneal introduction of laked blood into normal rabbits corrobo- 
rated the findings of Robertson, a negative response. Itami injected 
laked blood into anemic rabbits and obtained dissimilar results, indi- 
cating increased regeneration. Litter mates were rendered anemic by 
removal of blood. Some of the animals received laked blood injected 
intraperitoneally and the remaining rabbits constituted controls. Both 
hemoglobin and red cells increased although perusal of the actual 
figures does not indicate quite the magnitude of changes as considered 
by Itami. Again we might say, the anemia may not have been sufficient 
to exhaust reserves. In the interpretation of his results Itami suggests 
a resorption of breakdown products as aiding regeneration but leaves 
the question of whether this occurs in the form of direct building ma- 
terials for new cells or as an irritant to blood forming organs undecided. 

Hess and Saxl (39) studied the problem of possible utilization of 
various breakdown products of red cell katabolism as well as of whole 
blood by anemic rabbits. The basis for comparison consisted of rabbits 
subjected to a single hemorrhage of 30 ec. and the time of spontaneous 
regeneration formed the criterion of the effect of the various hemoglobin 
products. The control animals demonstrated complete repair in from 
12 to 14 days. Subcutaneous injection of whole defibrinated blood 
shortened this period to 8 days. Washed cells also introduced sub- 
cutaneously resulted in recovery on the 6th day. Hemin administered 
intravenously caused complete regeneration in 5 days and hematin 
introduced in the same manner extended the period of repair to 7 days. 
Hematoporphyrin apparently had little effect, the time needed for 
regeneration is cited as 14 days. These data permitted Hess and Saxl 
to deduce that hemoglobin, hemin, hematin and perhaps hematoporphy- 
rin hastened blood regeneration; although no attempt was made to 
draw quantitative conclusions; in fact these investigators suggested 
that probably the injected material was only partially utilized. The 
ultimate answer referring to hemin or hematin as aids in regeneration 
of blood has not as yet been given and there is need for a great deal of 
further investigation. Ono (84) believes that hematin has no effect on 
erythrogenesis. These various experiments cited while far from being 
conclusive do indicate a possible function of conservation on the part 
of the body economy. 

That this conserving power is indeed great and one delicately adjusted 
to meet diverse needs under stress is well illustrated by experiments 
pertaining to a severe and long sustained anemia. Such a state of 
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anemia we believe is the criterion and the answer of “‘yes’’ or ‘“‘no’”’ to 
the question. ‘There must be a need for conservation. The diagram 
of pigment metabolism as depicted by Whipple (118) may lead to a 
better understanding of this most intriguing problem. 

The portions of this diagram of greatest significance for the present 
discussion of conservation are blood and muscle hemoglobin, body 
protein and the pigment complex. The latter indicates the transition 
stage from split products or a group of substances which are essential 
parts of mature body pigments to the finished hemoglobin pigment. 
We may imagine this transition stage to consist of a progressive syn- 
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thetic grouping of amino-acids, iron and other materials which finally 
result in the finished product hemoglobin. Whipple (118) believes that 
this process in its entirety cannot take place within the inactive red 
cell and prefers to think that the liver cell which is so activein general 
pigment metabolism plays a very important réle in this work process. 
In a comparison of hemoglobin during fasting and during sugar diet 
periods Whipple, Hooper and Robscheit (120) observed that the fasting 
anemic dog can regenerate more red cells and hemoglobin than the 
animal receiving sugar. This figure is well over and above the mainte- 


nance supply of hemoglobin which is necessary to replace the loss of daily 
wear and tear of the circulation in the body. This actual reconstruction 
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of new red cells and hemoglobin must come from the body protein or its 
split products as no nitrogen is supplied. Evidently the organism very 
carefully conserves the substances which may be suitable for elaboration 
of hemoglobin. It may be objected that the maintenance factor of red 
cells may vary in fasting as compared with sugar periods although we 
have no reason to believe that the wastage of red cells should be greater 
on sugar feeding than during fasting periods. This question must be 
left open for the present. Numerous experiments (120) have given 
ample evidence that from body protein katabolism the dog can conserve 
materials which are synthesized into hemoglobin. These experiments 
give a beautiful illustration of the care taken by the organism to conserve 
all elements suitable for new hemoglobin and red cell formation. 

A similar conservation function is demonstrated by the introduction 
of hemoglobin products parenterally into the dog organism under the 
stress of a severe and long sustained anemia resulting from frequent 
produced hemorrhages. Numerous experiments conducted by Whippl 
and Robscheit-Robbins (128) have demonstrated that a very large por- 
tion of hemoglobin introduced either intravenously or intraperitoneally 
into the severely anemic dog may be conserved for the building of new 
and much needed hemoglobin. This probably explains the rapid 
recovery from experimental anemia produced by distilled water or 
hemolytic toxins to destroy red cells within the circulating blood. 
Muscle hemoglobin may be in part conserved and utilized to form new 
red cell hemoglobin in severe anemia. Bile pigments given by mouth 
as whole bile or injected intravenously in form of a digest have only 
given negative results. Experiments in this laboratory (128) have 
shown an output of new hemoglobin amounting to approximate equiva- 
lents of 80 to 90 per cent of the amount of blood pigment injected either 
intravenously or intraperitoneally. A pancreatic digest of hemoglobin 
administered intravenously resulted in a manufacture of new hemo- 
globin equivalent to about 40 per cent of the pigment estimated as 
originally present in the digest. Feeding of either fresh red cells of 
dog’s blood or in the form of dried material gave evidence of but 10 
per cent utilization for new red cells and hemoglobin formation. 

We have noticed that in most instances there occurs a certain lag in 
the output of hemoglobin following parenteral introduction of the blood 
pigment. This might be interpretated in several ways. One may 
believe that the hemoglobin is tucked away somewhere in storage to 
be utilized as fast as the stroma is fabricated. Or one may choose to 
assume that the hemoglobin is first broken down to end or intermediate 
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products which are stored and used exactly as though these substances 
came from the digestive tract. On the whole evidence seems to favor 
the latter, although both mechanisms may be concerned. Whipple and 
Robscheit-Robbins (128) speculate that some of these building stones 
suitable for hemoglobin construction may be stored in the liver and 
perhaps some of the actual grouping of amino-acids into the parent 
hemoglobin may be completed in that same organ. This process may 
not be limited to the liver cells any more than one can consider the 
process as being carried on solely by a variety of endothelial and phago- 
cytic cells, many parenchyma cells may be concerned. Under stress 
of emergency the very cells concerned in the breakdown of red cells 
and hemoglobin may also take part in the upbuilding and construction 
of these materials up to the point where it is utilized in the maturing 
red cell. On the other hand we may think of the possibility that hemo- 
globin breakdown products are direct irritants to the bone-marrow as 
well as building stones. The lag observed in the output of new hemo- 
globin could also be interpreted in this manner. Whatever may be the 
ultimate interpretation of these findings we do know that the parenteral 
introduction of hemoglobin results in a considerable output of new 
hemoglobin. 

Iron. By far the greater portion of the literature dealing with the 
treatment of anemia concerns a variety of drugs. A multitude of 
medicinal preparations has been proposed, temporarily enthusiastically 
supported, their value then questioned and finally their use abandoned. 
Ever since Menghini in 1747 described the presence of iron in blood 
this drug has been the subject of extensive usage. Iron has always 
enjoyed the greatest popularity among clinicians. Style of usage 
changes rapidly, at one time the question is organic or inorganic, fol- 
lowed perhaps by soluble versus insoluble, this may be succeeded by a 
popularity of ferro against ferri salts and more recently several publica- 
tions have dealt with the so-called active magnetic form in comparison 
to inactive non-magnetic iron. Dosage also is given much emphasis, 
particularly at present, small doses supposedly are considered ineffective 
while very large ones are believed to result in much benefit to the patient. 
The literature on the subject is voluminous. One recognizes of course 
that clinically with the exception of pernicious anemia most of the 
anemias are of a secondary type and represent but a symptom of perhaps 
a very complex disease picture. It does not entail extensive knowledge 
to realize that the variables in a clinical condition are so great as to make 
controlled experiments difficult. 
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The study of iron from an experimental viewpoint while not quite as 
complex is open to many errors. A very perplexing one is the lack of 
uniformity in types of anemia studied for comparison. Iron may be 
effective in hastening recovery from loss of blood and be totally inert 
in an anemia resulting from dietary deficiencies. It is obviously difficult 
in the present state of our knowledge to make correct interpretation of 
the various differences obtained in nutritional anemias as compared with 
the much less complicated secondary anemias due to removal of blood. 
Nevertheless such attempts are being made with no great benefit to 
the clarity of the subject as presented in the current literature. A 
further source of error involves the comparison of results obtained 
in rabbits with those procured in rats or in dogs. 

The experiments conducted in this laboratory furnish an illustration 
of the difficulties which arise to perplex the physician who wishes 
information as to the value of iron treatment in anemia. Our earlier 
experiments (121) concerned recovery from short anemia periods, 
which demonstrated a totally negative response to iron therapy regard- 
less of the type and dosage administered. These observations have 
been confirmed by many other investigators. The deduction seemed 
justifiable that iron was of no value in the treatment of secondary 
anemia. Musser (81) voiced the same conclusion concerning experi- 
mental hemorrhage anemia. Subsequent experiments conducted by 
Whipple and Robscheit-Robbins (123), however, in which the anemia 
was not only severe but long sustained gave just as positive evidence 
that iron is of considerable value in anemia due to loss of blood. In 
this condition we are pfobably dealing with either a very low store of 
iron or perhaps exhaustion of iron reserve. These experiments may 
well emphasize the need of caution in deductions drawn from only slight 
variation in experimental procedure. Conditions only slightly different 
may modify completely a reaction within the body. If we hasten to 
draw saailliaie from these experiments and make comparison from 
them to complex anemias associated with bone-marrow diseases we 
are most certainly courting trouble. Another point of error which we 
wish to stress is dietary control in any experiments concerning the study 
of experimental anemias. We know that hemoglobin and red cells are 
very labile substances. We have shown in many publications that 
both hemoglobin and red cells can be varied at will by dietary measures. 
In perusing numerous reports pertaining to iron therapy this dietary 
control has frequently been lost sight of. 

The main interest of the iron studies from 1850 to 1905 centered on 
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the question of absorption and elimination. Since that period the 
majority of investigations pertain to iron as the componentor building 
stone of hemoglobin. Recently a number of papers of interest regarding 
the non-hemoglobin iron fraction have been added to the literature. 
Dogs, rabbits, rats, mice and guinea pigs have all been utilized in iron 
studies. Iron in diverse form has been fed, injected subcutaneously 
or intravenously and its process of metabolism determined (40), (68), 
(106). Bunge contended that only iron contained in foodstuffs was 
absorbed. Kunkel, Voit, Woltering, Tartakowsky, Jacobi, Meyer, 
Hochhaus and Quincke all agree that inorganic as well as organic iron 
is absorbed by the intestinal tract. Hall considered absorption to take 
place only in the upper intestinal tract, in the duodenum and jejunum, 
but not in the ileum. Starkenstein (104) believes that iron can be 
absorbed by all portions of the intestine although the rate may vary 
in different parts of the tract, particularly when administering ferro- 
salts. The question of differentiation between organic and inorganic 
iron as to possible absorption was considered next. This was followed 
by ingestion and excretion studies. Meinertz (68) asserts that no line 
as to absorption can be drawn between organic and inorganic prepara- 
tions (the latter include salts of organic acids) since inorganic iron is 
absorbed in organic combination and secondly because organic prepara- 
tions may be so broken down by digestion that they can no longer be 
considered as organic. The interest then became centered on storage 
and numerous investigators ascertained the iron content of various 
organs following iron ingestion. The metal was necessarily added to 
diets of extremely low iron content or in the case of rats to synthetic 
diets. 

Abderhalden (1), (2), (3), after a considerable amount of experimenta- 
tion with numerous types of iron concluded that all forms have the 
same path of absorption, storage and excretion. Our present idea as to 
iron absorption and excretion may be said to be as follows: Varying 
portions of iron are absorbed. The site of absorption is the entire 
intestinal tract although the duodenum and a portion of the upper 
small intestine probably play the major réle. The absorbed material 
either dissolved, or in the form of fine colloidal particles (30) is carried by 
the blood and to a lesser extent via the lymph passages. This last 
point might still be considered as open to question. Miiller (76) 
who questioned Gaule’s experiments of thoracic duct fistula in rabbits, 
repeated the investigation employing cats and dogs. Miiller’s criticism 
was mainly with the iron solution used, asserting that the mucous 
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membrane of the rabbit is readily injured and ferric chloride would 
easily produce such damage. Miiller introduced Ferri-oxytartaricum 
in a weakly alkaline solution by stomach tube. From two to three 
hours later no iron was demonstrable in the lymph. Based on these 
experiments Miiller concluded that the greatest portion of inorganic 
iron was transported via the blood stream and not by way of the lymph. 
Austin and Pearce (6) suggest that deposition occurs chiefly in the 
liver, to a lesser extent in the spleen, bone-marrow and perhaps elsewhere. 
The theory indicated holds good for food iron, organic or inorganic 
preparations. Elimination is almost entirely by intestine, especially 
by the colon, very slight amounts are found in the urine and bile (6). 
The iron excreted in the urine is usually a very small amount and is 
considered to be in firm organic combination according to the belief 
of Meinertz (68), although excretion may be considerable if iron is 
introduced directly into the blood stream. 

It is generally conceded that the liver is considered to be the main 
storehouse for iron both for food iron as for inorganic preparations 
administered. Jacobi (cited by Meyer, 69) found the iron content of 
the liver to be 50 per cent of the amount injected intravenously, 10 
per cent was regained from the urine, bile and intestine, and the remain- 
der was present in the spleen, kidneys and intestinal wall. Deposition 
was complete within 3 hours and the blood stream was free of the circu- 
lating metal. Experiments of Kunkel, also cited by Meyer (69), demon- 
strated that the iron content of the liver increased to eight times its usual 
normal amount, the spleen gave four times the original value while the 
content of the kidney was doubled. These reactions resulted from 
heavy Fe feeding. The organs had not been perfused however and it is 
well to remember that the blood also showed twice the normal iron 
values which would therefore be included in the figures obtained from 
analyses of the organs. Schmidt (cited by Austin and Pearce, 6) 
sustained mice on iron poor diets and found the content of the metal in 
the liver markedly decreased but the spleen showed only a slight loss. 
This evidence permitted Schmidt to conclude that the liver is the depot 
for iron from food, that the spleen stores iron freed by tissue and red 
cell katabolism and that therefore the spleen is an important factor in 
the intermediary metabolism of iron. Austin and Pearce (6) objecting to 
this deduction observed that splenectomized dogs for periods of from 1 
to 20 months following the operation showed no increased iron elimina- 
tion. These authors believed that the spleen did not exercise a constant 
and important influence upon iron metabolism of the body. Schurig 
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(98) indicates that circulating iron is picked up by the cells of the spleen, 
is there worked over and changed to iron combinations which are then 
sent to the liver. According to Krumbhaar (54) the spleen may be 
needed in iron utilization not so much of preventing its loss by excretion 
as of so acting upon iron that it becomes available to the bone-marrow 
for the building up of the hemoglobin molecule. The literature abounds 
with papers on the réle of this much discussed organ in iron metabolism. 
Perhaps the suggestion that both liver and spleen share the function of 
iron metabolism with the bone-marrow may help to smooth matters. 

The value of iron as contributing to blood regeneration is probably a 
most important phase of iron metabolism. Whether iron is utilized as 
direct building stones for hemoglobin or whether the effect is an indirect 
one, a so-called irritation on the bone-marrow has been a subject of 
considerable controversy. Among the advocates of the irritation 
concept may be listed Von Noorden (cited by Zahn, 132) Hoffman (41), 
Kunkel (cited by Tartakowsky, 106) Woltering and Bunge. Meyer 
(70) considers both methods as probabilities and suggests that iron 
salts besides their value as building stones exert irritation on blood 
forming organs and also on growth and metabolism of other tissues. 
In view of the newer work on iron with reference to tissue oxidations 
and general metabolism this appears a much more plausible conception. 
It would seem difficult to believe that in a generally improved metabo- 
lism of the entire organism the red blood cells should not also share the 
benefit. Some investigators question altogether the utilization of any 
iron except that already present in food products for hemoglobin build- 
ing. Abderhalden (1), (2), (3) has stated that inorganic iron is not 
material for hemoglobin but is utilized for tissue building, and that 
food iron only is concerned in hemoglobin formation. His experiments 
were conducted on various animals, rats, rabbits, guinea pigs, cats and 
dogs, adding iron salts to iron poor diets, mainly rice and milk. Abder- 
halden concluded that inorganic iron added to iron poor diets did not 
increase hemoglobin formation. Under his experimental conditions 
these results seem perfectly logical. The experimental periods were 
too short and the animals were not rendered sufficiently anemic. Tarta- 
kowsky (106) in a resumé of the iron question comments that Abder- 
halden admits the formation of complicated organic combinations of 
tissue iron from inorganic salts but denies the possibility of hemoglobin 
formation from this same inorganic source. Tartakowsky further 
suggests that one can hardly assume synthetic formation of complicated 
iron combinations in tissue cells and then deny the possibility of hemo- 
globin formation by the same synthesis. 
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In subsequent papers Abderhalden (2) modifies his former deduc- 
tions. In experiments on rats concerning the effect of iron added to 
milk and rice diets and comparing results obtained with those during a 
normal dietary regime he observed the following reactions. The addi- 
tion of inorganic iron, hemoglobin or hematin to an iron poor diet was 
better for hemoglobin formation than the iron poor diet alone. A 
normal dietary was superior to the modified iron poor diet. The addi- 
tion of inorganic iron to a normal dietary enhanced its value for hemo- 
globin building while a supplement of either hemoglobin or hematin 
had no such effect. These experiments however make no mention of 
an anemia and while these general conclusions may be correct under 
the experimental conditions employed by Abderhalden much more 
striking results would no doubt have been observed had there been a 
greater stress of hemoglobin need. A nutritional anemia in these rats 
may or may not have existed and iron stores may or may not have been 
exhausted. In view of the work of other investigators (130), (131), 
(60), (111), (72), such experiments present a great many variables. 
Furthermore the hemoglobin content of normally fed animals is naturally 
higher than those on a deficient dietary regime supplemented by iron. 
Abderhalden did not consider this point sufficiently since dietary control 
will modify blood formation very much more than iron. One must 
also think of other building stones for hemoglobin than iron, it is cer- 
tainly not the only stone. Hoffman (41) likewise employed rabbits for 
the demonstration of his theory that iron may function as a bone- 
marrow irritant. Rabbits were rendered anemic by hemorrhage and 
then given diets rich in iron content, greens, milk and bread with a 
further supplement of iron salts. Hoffman noticed that both hemoglo- 
bin and red cells increased more rapidly when iron had been added to the 
food. Upon investigating the bone-marrow he observed that while the 
marrow showed the stimulation due to hemorrhage, the iron experiments 
demonstrated a more intense reaction as evidenced by a greater number 
of ripened red cells. Hoffman speculated that the bone-marrow under 
the influence of iron was able to send a greater number of ripe red cells 
into the circulation, red corpuscles regenerated more rapidly than 
hemoglobin, therefore iron acted as an irritant which hurried bone- 
marrow delivery of mature red cells. Furthermore if iron entered the 
hemoglobin molecule a greater saturation of cells with hemoglobin would 
occur. Tartakowsky (106) raises the objection that the process ob- 
served occurs in spontaneous recovery from hemorrhage and represents 
a normal reaction. Healthy and normally fed animals need no such 
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irritation factor other than the hemorrhage itself. If this does not occur 
hemoglobin building material is lacking (106). Meyer (69) justly 
objects to Hoffman’s assertion to find in the morphology of bone-marrow 
a “hurrying of the process of cell ripening’ on the ground that no 
certain criterion is available for demonstration of such a process. 

The use of rabbits seems inadequate to us for any study concerning 
red cells and hemoglobin regeneration. The metabolism of omniverous 
animals must be quite different from the herbivora, one might therefore 
expect a dissimilarity in results following iron therapy. Not only is 
this type of animal objectionable for dietary reasons, since dietary 
control is a much more important factor in blood regeneration than 
iron therapy, but also because of its extreme lability with reference to 
red cells and hemoglobin. A rabbit may show marked fluctuations in 
red corpuscles and hemoglobin pigment within a matter of a few hours 
that are still within perfectly normal limits for that species of animal 
but should these figures be compared with results obtained in other 
animals erroneous conclusions would be drawn. The British physiolo- 
gist who voiced the statement that ‘“‘the hutch rabbit is a rotten little 
beast anyway” (54), no doubt had ample experimental experience with 
the variability of results obtainable in this much used animal. 

The effect of iron in anemia produced by blood removal, and in nutri- 
tional anemia with or without hemorrhage, in rats has been studied 
by several investigators. Williamson and Ets (130), (131), in extensive 
experimentation with anemia produced by either one or more hemor- 
rhages determined that iron was inert in aiding red cell and hemoglobin 
regeneration. Subcutaneous injection of iron resulted in considerable 
storage as evidenced by analysis of both liver and spleen. The liver 
showed amounts of iron equal to three times the original values and 
spleens indicated an increase of 50 per cent over the organs of control 
animals. Dogs gave similar responses. The diectaries were composed 
mainly of milk and bread. Reactions resulting from single and multiple 
hemorrhages of 25 per cent of the estimated blood volume each, indi- 
cated that iron was ineffective in aiding hemoglobin and red cell regenera- 
tion but did cause considerable increase in iron storage in both liver and 
spleen when the drug was injected subcutaneously. The animals re- 
ceiving meat in their diet demonstrated a more rapid recovery from the 
anemia than did those given milk and bread plus iron as their food. 
Williamson and Ets (130) concluded that inorganic iron fed or injected 
subcutaneously or even intravenously was found as stored iron in both 
liver and spleen but was not converted into hemoglobin pigment. 
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These authors, however, suggested that the reserve might not have been 
exhausted but that the experiments were comparable to severe anemia, 
if iron was not effective with a strain of such magnitude the drug was 
worthless as a remedy. We agree with the statement that the reserve 
was not exhausted, particularly with reference to the dogs, the tremen- 
dous reserve sources of which we are more familiar with than those 
stored in rats. These experiments may be said to confirm the previous 
results of Whipple and Robscheit (121) in dogs where the anemia period 
was of short duration and recovery was not aided by the administration 
of various forms of iron. Later experiments conducted by Williamson 
and Ets (131) demonstrated the much greater efficacy of a diet rich in 
liver. According to this subsequent investigation rats not only 
recovered their hemoglobin more quickly than casein fed rats but also 
built up an iron reservoir in both liver and spleen. We might reiterate 
that in this later investigation (131) as in the earlier experiments of 
Williamson and Ets we question the complete exhaustion of potential 
hemoglobin building substances. The need of true exhaustion of iron 
reserve is also stressed by Lintzel (60). This author emphasizes that 
while the reserve stores of iron for hemolgobin needs are an unknown 
factor the reserve storage may still be sufficient for hemoglobin require- 
ments though the animals may be on diets very poor as to iron content. 
The experimental data of Lintzel concern nutritional anemia in rats and 
the reactions obtained demonstrated increased hemoglobin content re- 
sulting from the addition of ferric chloride to an iron poor diet. The more 
interesting data perhaps were those concerning the total iron content 
of the animals followingperfusion, which gave values of over three times 
the amount of iron originally present in favor of those rats receiving 
ferric chloride. Similar results were observed by other investigators 
(111), (112), (37) who studied the effect of iron in nutritional anemia 
in rats very extensively. In view of previous results obtained with 
other metals and minerals present in ashes of animal and vegetable 
origin Hart, Steenbock, Elvehjem and Waddell very carefully purified 
the iron salts tested. Various types of inorganic iron salts were found 
to be absolutely inert in aiding recovery from this nutritional type of 
anemia. These authors attribute the results obtained by Mitchell, 
Vaughn and Schmidt (72), (73), to be due to impurities in the iron salts 
and not the iron per se. 

Mitchell, Schmidt and Vaughn (72), (73), studying the same problem 
of the value of iron in nutritional anemia in rats suggest that the question 
for hemoglobin utilization is not inorganic versus organic iron but solu- 
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ble versus insoluble salts. These investigators signify a favorable 
response to the feeding of ferric chloride and ferric ammonium citrate, 
while ferric oxide and ferrous carbonate were considered to be very 
inferior. In perusing the various diets fed in experiments of Mitchell 
and Schmidt (72), however, the iron content alone is considered as the 
factor concerned in the different food substances tested. One can 
hardly consider such dietary factors as spinach, egg yolk and dates as 
comparable in potency for hemoglobin formation although the amounts 
of these foodstuffs were given in exact iron equivalents and were tested 
purely with the viewpoint of furnishing various sources of iron. Other 
constituents present in dietary factors are so much more potent than 
iron that one must not lose sight of this much more important phase of 
the question. The experiments cited employed only comparatively 
few animals for each trial. Unfortunately the results obtained in 
experiments testing the value of inorganic iron were inadequate since 
one half the number of animals did not survive the experimental period. 
The factor of solubility may also be questioned. Solubility in water 
may necessarily be somewhat different from the effect exercised by 
digestive juices. Ferrous carbonate may not be insoluble when acted 
upon by gastric juice in the digestive organs where probably most of the 
inorganic iron salts are largely changed to iron chlorides. 

Differences in effect of ferro- in comparison to ferri-salts have also 
been investigated as part of the question of iron therapeusis. Amatsu 
(4) believes ferro-salts to be more potent for cell regeneration than ferri 
combinations but both types were without influence on hemoglobin 
pigment. His experiments concern rabbits subjected to a moderate 
hemorrhage anemia. Figures quoted showed that animals receiving 
ferro salts and then rendered anemic retained a higher iron content in 
the liver than those which had received ferri salts. Starkenstein (103), 
(104) has presented very detailed studies of the pharmacology of ferri- 
and ferro-salts and draws sharp distinction as to toxicity and effective- 
ness between these drugs, claiming that they behave as two entirely 
separate metals. He points out that iron effect and iron as building 
material for hemoglobin formation are entirely dissimilar processes. 

An effort has also been made to produce a nutritional anemia in dogs 
by a dietary composed entirely of milk. Miiller (76) cites negative 
results; such a diet alone did not produce anemia even in young dogs. 
This author determined the total hemoglobin content of the animals by 
the Welcker method following a single hemorrhage of either one-quarter 
or one-third of the total blood volume. The diet was composed of milk 
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with and without additional iron. His results indicated that an anemic 
dog fed solely with milk gave total hemoglobin values of 14 grams, amilk 
diet augmented by inorganic iron 16 grams and a normally fed dog 
contained hemoglobin pigment amounting to a total of 31 grams. The 
difference between the results obtained from an exclusive milk diet and 
that with iron supplement is certainly not significant and may perhaps 
be explained by the existence of ample iron stores. Tartakowsky (106) 
believed that he caused exhaustion of the iron reserve in dogs by hemor- 
rhage and a rice and milk diet. This assumption was based on negative 
iron reactions in the gastro-intestinal tract, liver and spleen. Tarta- 
kowsky suggested, however, that there is considerable variation among 
animals tosuchareaction. Theaddition of iron to such a dietary plus a 
severe anemia caused an increase in hemoglobin pigment as well as a 
greater iron content in the liver and spleen, the values obtained were 
comparable to results elicited by a meat diet. Further addition of iron 
to a meat dietary did not augment the effect of a meat diet alone. 

The potency of catalytically active and inactive forms of iron has been 
investigated following the publication of Welo and Baudisch (116). 
Arnoldi (5) studied oxygen consumption in rats before, during and after 
giving the so-called active iron of Baudisch and observed negligible 
variations. The recent investigation of Doan, Sabin and Forkner (23) 
testing this same form of iron demonstrated a detrimental effect, an 
actual hindrance to regeneration as well as a decrease of both red cells 
and hemoglobin in normal rabbits. 

Experiments in this laboratory demonstrate a considerable utilization 
of iron in any form administered to dogs which have been subjected to 
severe hemorrhage anemia sustained at a low level for a period of years. 
Some of these animals have passed one-half of their usual normal life 
cycle in this anemic state. This type of anemia we believe insures a 
constant and maximal stimulus to the production of hemoglobin and this 
should test the value of any drug or diet factors for hemoglobin and red 
cell manufacture in the body. Constant environmental conditions are 
carefully maintained such as uniformity of exercise and temperature. 
The use of dogs for this type of experimentation offers many advantages. 
They are omniverous, are easily handled and are not disturbed by the 
necessary laboratory and experimental routine. Blood can easily be 
obtained by venous punctures and the circulating volume is large enough 
so that it is not disturbed by frequent sampling. Plasma volume 
determinations can be done easily and with considerable accuracy. 
These animals can be kept in perfect health for many years in spite of 

















688 F. S. ROBSCHEIT-ROBBINS 


their extreme anemia. Our dogs have been born and are raised in our 
own kennels as have their immediate ancestors. These various factors 
mentioned are of importance in the evaluation of potency of any test 
substance for blood regeneration. We can determine with considerable 
accuracy the actual amount of regeneration taking place from week to 
week. We know the individual differences of the animals by having 
observed them for many years and we are thoroughly acquainted with 
their reaction to a variety of factors. We would refer to the literature 
for any further experimental details, Whipple and Robscheit-Robbins 
(122). 

In this type of anemia concerning the dog under the described experi- 
mental conditions Whipple and Robscheit-Robbins (123) have observed 
the potency of different types of iron administration. Apparently iron 
utilization reaches a definite plateau beyond which even large doses of 
iron salts have no further effect upon the blood picture. Ferric citrate, 
ferric or ferrous chloride, ferrous carbonate when administered orally in 
doses of from 40 to 50 mgm. as Fe per day will cause an average output of 
hemoglobin of 50 to 60 grams resulting from a two-week feeding period. 
Increased amounts of from 100 to 400 mgm. as Fe do not modify the 
reaction, once this optimum dose of iron is supplied, the rest is not 
utilized for further hemoglobin manufacture. Robscheit-Robbins and 
Whipple (93) have reported an interesting summation of the effects of 
liver and kidney plus iron. Large or small doses of iron salts may 
cause an increased production of red cells and hemoglobin but a con- 
tinued diet period of similar iron feeding with the addition of liver or 
kidney will demonstrate the sum of the two expected reactions, the 
effect of the organ feeding plus the original value due to iron administra- 
tion. The total sum may amount to the production of 140 grams of 
hemoglobin per two-week period over and above the control level. 

Another contribution of interest has recently been added to the iron 
problem, frequently called the “‘loosely-combined iron fraction”’ in 
contradistinction to the firmly combined iron in the hemoglobin mole- 
cule. According to Barkan (9), (10), (11), this easily detached fraction 
in amount represents about 5 per cent of that combined with hemo- 
globin, it does not originate from hemoglobin and is not dependent upon 
the hemoglobin content of the blood, although it is suggested that both 
may have a common source of replenishment. Iron in any form intro- 
duced into the blood stream cannot be transferred into the red cells since 
there can be no direct absorption. An attempt to investigate this 
problem by in vitro experiments gave negative results when studied by 
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Barkan. He suggests that this iron is in a form which cells cannot use 
as such but utilization must come about only in a round-about manner 
by way of various biological building stages. Barkan speculates 
whether this loosely combined iron can act as transport iron or whether 
it may have the function of all iron as a respiratory ferment in the sense 
of Warburg (115) or might it serve both purposes of transport iron 
and act as oxygen carrier in blood cells. Fowell (31) also intrigued by 
this ‘free Fe of the blood” asks “Is it merely an intermediate form 
between hemoglobin in the circulation and iron in the organs of the body 
such as in the liver, spleen or bone-marrow?” These questions are as 
yet unanswered but offer interesting possibilities for conjecture. One 
might inquire whether iron in its réle as a catalyst has perhaps an effect 
in aiding blood regeneration. fF. Miller (76) surmised that iron salts 
stimulated hematopoietic organs in some specific way quite apart from 
their possible function as structural units in the genesis of red corpuscles. 
This same author cites Naegeli as stating that the reaction in bone- 
marrow seems “stormy” and is similar to a toxic one. Furthermore 
colloidal iron is supposed by Naegeli to act as & catalyzing or, oxidizing 
agent either in the blood itself or upon the hematopoietic organs. We 
know iron to be a very effective catalyst, we also realize the need of 
iron for building up tissue iron combinations and these probably have 
important even if at present unexplained functions in the body. Schade 
(as cited by Fuchs, 32) mentions the catalytic effect of metals and points 
out that some combinations of these and particularly their colloidal 
forms may be effective in the body, facilitate hydrogen and oxygen 
exchange in animal fluids and hurry energetic oxidation in the body thus 
increasing general metabolism. 

ARSENIC AND GERMANIUM DIOXIDE. Arsenic appears to be one of the 
drugs which has lost favor in the treatment of anemia. Several in- 
vestigators agree (95), (105) that small doses of arsenic have no influence 
on the red cells and hemoglobin values but large doses are toxic and may 
produce a moderate hemolytic anemia (95), (76), leading to active 
regeneration as indicated by increased oxygen consumption (95). The 
effect of arsenic on the maturation of red blood cells has recently been 
investigated by Isaacs (42). The drug was injected either subcu- 
taneously or intravenously into a large series of white mice. Evaluating 
the results obtained Isaacs suggests that arsenic solutions act as depres- 
sors of bone-marrow with decreased production of young red cells, but 
with the elimination of the drug the bone-marrow again responds with 
an increase in the rate of maturation of erythroblastic tissue and in- 
creased production of young red cells. 
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In severe prolonged anemia produced in dogs by removal of blood 
arsenic was found to have no influence on red blood cell and hemoglobin 
regeneration, as evidenced in the experiments of Whipple and Robscheit- 
Robbins (123). Under these same experimental conditions germanium 
dioxide gave no indication of aiding red cell or hemoglobin production 
(123). This drug was enthusiastically sponsored by a group of in- 
vestigators (34), (35), (82), (83), who considered it a powerful hema- 
topoietic stimulant. An objection was raised by Minot and Sampson 
(71). These workers assert that changes observed by Hammett and 
co-workers were moderate and transient and only served as examples of 
natural variations. The results of the studies of Minot and Sampson 
(71) with intravenous or intraperitoneal injections into rabbits were 
not indicative of any definite stimulus to blood regeneration. It was 
suggested that germanium dioxide might induce a transient increase 
of. red cells in the peripheral blood but no evidence existed to consider 
the substance as a powerful erythropoietic stimulant. A similar 
co-nclusion was drawn by Bodansky and Hartman (15) following ex- 
perimentation with both rabbits and dogs. ‘These investigators record 
destructive changes in the kidney resulting from treatment with this 
drug for one month. These various observations point to the in- 
effectiveness of germanium dioxide as aiding blood regeneration. 

ASH FACTORS AND COPPER. Much impetus was given to the investiga- 
tion of the réle of other minerals than iron by the observations of 
Waddel, Steenbock, Elvehjem and Hart (111), (112), that a nutritional 
anemia in rats could be cured by the addition of various ashes and 
extracts to inorganic iron. These workers in an extensive and most 
careful investigation of a nutritional anemia in rats and rabbits due to 
prolonged milk diets found iron to be of no avail either in preventing or 
curing this type of anemia (37), (111). The supposition was that 
inorganic iron added to an exclusive milk diet was not utilized for 
hemoglobin building perhaps because other component parts of the 
hemoglobin molecule as essential as iron itself were lacking or else present 
only ininsufficientamounts. Iron in the presence of extracts of cabbage 
or cornmeal resulted in recovery (112). Insubsequent experiments with 
additions of ashes of both vegetable and animal origin these supplements 
were found to be equally efficient in curing this anemia (112). Further 
fractionation of the ashed materials demonstrated that copper was the 
missing link effective in the recovery from this type of nutritional 
anemia. Hart, Steenbock, Elvehjem and Waddell (38) proposed that 
copper perhaps acted as a catalyzer for some reaction concerned in 
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hemoglobin building similar to the function of iron in the production 
of chlorophyll although not a constituent of the chlorophyll molecule 
itself. Increased hemoglobin values following the addition of copper 
to milk diets in rats has been confirmed by other workers (108), (65), 
(66). McHargue, Healy and Hill (65), (66) not only add that copper 
has important biological functions in the normal metabolism of both 
plants and animals but also that it stimulates hemoglobin formation 
in animals having red blood. 

Copper, however, has been found to be present in blood although in 
very minute amounts, it is true. Subsequent experimentation by 
Beard and Myers (12) also concerning nutritional anemia in rats has 
indicated that besides copper, nickel and to some extent cobalt and 
germanium may aid in the recovery of the blood picture. Manganese 
added to the iron and milk diet under the same experimental conditions 
has been considered to be almost although not quite as efficient as copper 
for hemoglobin building by Titus, Cave and Hughes (108). Copper 
and manganese apparently are important substances in the recovery 
of rats from a nutritional anemia. It has been emphasized repeatedly 
that substances of considerable potency in one type of anemia are 
proven practically inert or only of slight value in another type. This 
fact also has been observed in studies of minerals in severe anemia 
resulting from blood loss. Under such experimental conditions of 
prolonged anemia Elden, Sperry, Robscheit-Robbins and Whipple (28) 
observed that copper exerts but a very moderate influence permitting 
regeneration of hemoglobin only to slightly less than one-half the amount 
manufactured during iron medication of equivalent dosage. 

Manganese and zine demonstrate less potency than copper in long 
sustained hemorrhage anemia in dogs and may be toxic. Even very 
moderate doses such as 40 mgm. of manganese and 30 mgm. of zine are 
on the borderline of toxicity. Digestive disturbances are not at all 
infrequently encountered when feeding these amounts. The toxicity of 
manganese has been pointed out as early as 1883 by Kobert (50) and 
more recently by Findlay (29) who produced liver cirrhosis and kidney 
damage by subcutaneous injection of large doses of manganese chloride 
into rabbits. Smaller doses caused a toxic effect mainly on the liver. 
It is of course quite possible that anemic dogs may be much more 
susceptible to poisoning by these metals than normal animals, further- 
more there probably exists considerable variation in species of animals. 
For example, Leary and Scheib (59) believed aluminum to be much more 
injurious to pups than to rats. Experiments with aluminum in this 
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laboratory demonstrated practically negative results on red cell and 
hemoglobin formation in dogs. Under the same experimental con- 
ditions sodium iodide proved inert (129a). The toxicity of the most 
commonly used minerals has been carefully investigated recently by 
Waltner (113) who lists copper, magnesium and cobalt among the 
injurious metals; all of his tests, however, concern large doses. It is 
well to remember the possibly detrimental results before endorsing 
medication with some of these minerals in the treatment of anemia. 

That minerals do play a very definite rdle in the regeneration of red 
cells and hemoglobin in the hemorrhage type of experimental anemia is 
very evident when considering the results of feeding ashes prepared 
from liver, kidney and dried apricots, as observed by Robscheit-Rob- 
bins, Elden, Sperry and Whipple (88). The inorganic ash of this fruit 
retains most of the potency of the whole apricot while the amount of 
hemoglobin manufactured above maintenance requirements when 
testing both liver and kidney ashes is only 40 to 50 per cent of the output 
of hemoglobin resulting from feeding fresh equivalents of the organs. 
The inorganic ash of pineapple is but slightly potent even in large doses. 
It is of interest to note that the content of copper was highest in the 
apricot ash but is present in abundance in all ashes analyzed. Iron is 
also plentiful but to a greater extent in the kidney ash. One must of 
course remember that the iron content of organs depends to a con- 
siderable extent upon the blood contained therein. 

A variety of salts based on these ash analyses have been tested in this 
laboratory but have been somewhat disappointing in their effect, in 
that the majority are largely inert (88). The salt mixture of McCollum 
and Simmonds (64) which these authors add to their standard rat rations 
has also been investigated. In view of the results obtained with iron 
we have omitted this ingredient in some of the experiments and fed 
the complete salt mixture in others. A hemoglobin output of about 
25 grams was evident from feeding 6 to 15 grams of the iron free salt 
mixture for a period of two weeks and approximately double that 
amount of hemoglobin was manufactured as a result of giving the 
complete salt mixture including iron, during a similar period. These 
experiments very clearly indicate that several minerals may be con- 
cerned in the reaction of these substances upon blood regeneration, 
although iron exerts the greatest influence among the individual inor- 
ganic substances so far investigated. 

Drets. Not any of these inorganic materials can compare in potency 
to dietaries nor compete with a variety of food factors in producing 














REGENERATION OF HEMOGLOBIN AND ERYTHROCYTES 693 


blood regeneration. The rat has always been a popular experimental 
animal for diet studies, perhaps because its responses to such tests, its 
general metabolism and its growth rate are so exceedingly well known, 
furthermore the rat represents an organism decidedly sensitive to any 
dietary deficiencies, vitamines and minerals included. These animals 
offer many advantages in evaluating purified foods, amino-acids and 
expensive synthetic chemical diet factors. This is, however, somewhat 
offset by their size and therefore small amounts of circulating blood. 
In any anemia investigation frequent sampling of blood is essential 
and one cannot afford to loose sight of the stimulating effect of even 
these small hemorrhages per se on blood regeneration. Removal of 
blood from tail veins may be decidedly open to error in determination 
of the blood picture. Cardiac puncture introduces a large potential 
error even in the hands of experienced investigators. The problem of 
utilization of rats has been somewhat aided by modifications of the 
method of plasma volume determinations (18), (117) thus removing 
one of the most obvious objections to anemia studies of rats. Several 
investigators have produced anemia in rats by prolonged milk diets, 
continued into the second generation. A number of experiments 
utilizing nutritional anemia have already been cited with reference to 
the effect of mineral constituents upon blood regeneration. It therefore 
seems needless to repeat that discussion here (37), (111), (72), (73). 
Other attempts have been made to produce anemia in rats by high fat 
diets. Muller (78) sustained both young and adult rats for a period of 8 
months upon diets 86 per cent of which was in the form of butter fat. 
No injury to blood forming organs was observed. Happ (36) demon- 
strated that a severe rickets-producing diet had no effect upon the blood 
picture of normal rats and this effort to cause a nutritional anemia failed 
in both young and adult rats. A lack of vitamins both A and B resulted 
in no deleterious effect upon the blood picture as observed by the same 
investigator. Saunders (96) reported that synthetic rations with 
vitamin deficiencies of A, B, and E did not produce an anemia when 
fed to rats, rather to the contrary, very high hemoglobin figures were 

_ noticed. No blood volume data are given and again one must not fail 
to take possible plasma volume concentrations into account. 

Koessler, Maurer, Loughlin and Scott (52), (99) drew contrary con- 
clusions and mentioned that blood regeneration cannot occur without 
the presence of vitamin A, in fact asserted that the rate and intensity of 
blood regeneration was a function of the quantity of vitamin A added 
(52). Following a perusal of the figures indicated in the charts of 
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Koessler, Maurer and Loughlin (52) the reviewer wonders whether 
average red cell counts of 6.5 m. can be considered as indicative of a 
severe anemia in rats? On the other hand these figures may have 
indicated concentrated plasma volume. The animals also were de- 
cidedly ill and this is again a complicating variable. These investigators 
point out that a vicious cycle may have been established by the fact 
that vitamin exhaustion opens the way to infection and intoxication 
through increasing permeability of all mucous membranes of the body. 
It should be mentioned that the object of the experiments was to 
determine the relation of vitamin A deficiency to primary anemia. 
Such experiments as these are indeed complicated by so many other 
factors that they cannot be compared to a more simple anemia during 
which the animals may be considered as normal during the test period 
at least. 

There are available relatively few experiments dealing with the re- 
actions of dietary factors as influencing blood regeneration in rats. 
The majority of these investigations concern anemia produced by 
removal of blood from the heart direct or from the tail vein. Geiling 
and Green (33) observed that diets deficient in protein, vitamin or 
mineral matter delayed blood regeneration in rats following two hemor- 
rhages. In studying the time needed for recovery from a single hemor- 
rhage amounting to one-third of an estimated blood volume Jenks (46) 
noticed a more rapid repair following diets rich in vitamin content than 
in cases where either protein, fat or carbohydrate were given as sole 
nutrientsin 2 gram amounts. &This author mentions that protein favored 
regeneration more than either carbohydrates or fat when fed singly. 
Her tables show differences which seem too slight to be of much sig- 
nificance. These experiments indicate that these animals possess a 
reserve which fact has not been considered or recognized by Jenks. The 
factor of weight loss ought to be taken into account since those animals 
on a starvation dietary regime receiving only vitamines show rather 
rapid regeneration. It seems as though the vitamines perhaps aided 
the building up of hemoglobin and red cells from substances derived 
from protein katabolism, since the rats on complete starvation re- . 
generated much more slowly than those given solely vitamines. Sub- 
stances derived from tissue katabolism may or may not contribute 
toward hemoglobin building in the rat as they do in the dog organism. 
McCay (63) in experiments with anemic rats resulting from blood 
removal stressed his findings that the rate of blood regeneration was 
independent of the fat as well as of the protein level providing that the 
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latter was sufficient for body maintenance and the iron intake was 
adequate. While rats are extremely susceptible to vitamin deficiency 
as regards their general well-being these substances per se do not ap- 
parently influence blood regeneration. This belief finds confirmation 
in the experiments conducted by Cartland and Koch (19). 

An anemia produced by starvation gives a typical picture of bone- 
marrow aplasia in pigeons as studied by Muller (77), (79), (80). Her 
investigations concerned the recovery from this type of anemia as 
influenced by various food factors. The standard for comparison was 
the effect produced by the grain diet which she had ascertained to be 
the most potent dietary for blood regeneration in pigeons. Spleen was 
found to be quite efficient as was pancreas and beef muscle. Brain was 
inadequate and liver following a preliminary favorable effect caused a 
subsequent drop in the blood picture as well as cessation of food con- 
sumption. Muller (77) surmised this deleterious effect of liver to be 
due not to a lack of substances but rather to an excess of some type of 
inhibitory substances probably affecting the reticulo-endothelial system 
directly or indirectly by decreasing functional activity. In subsequent 
experiments Muller (79) believed that she had confirmed her hypothesis 
because the feeding of liver residue which had been extracted by 45 per 
cent alcohol resulted in normal blood regeneration and a satisfactory 
weight response. 

Investigations carried on for many years in this laboratory have 
firmly demonstrated that the amount of blood regeneration in the animal 
body can be modified at will by dietary control. Numerous variables 
have been gradually eliminated or reduced to constants. A severe 
secondary anemia produced by hemorrhage in a dog offers an excellent 
means of testing the efficacy of stimuli for blood regeneration (122). 
It is absolutely essential that a uniform anemia level be maintained a 
constant from week to week. Such a long sustained severe secondary 
anemia insures a constant and maximal stimulus to the production of 
hemoglobin. The dog is an experimental animal par excellence for 
this type of investigation. It is an omniverous animal and on suitable 
diets can be kept in health for months and years in spite of the extreme 
anemia. Because of the excellent veins blood withdrawal is easily 
made, plasma volume determinations can be carried on with con- 
siderable accuracy and all experimental procedures may be executed 
without the need of resorting to anesthetics or loss of much time in 
the handling of animals. We may refer to the publications of Whipple 
and Robscheit-Robbins (122) for other experimental details, methods 
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and protocols. Our routine experiments include careful determination 
of plasma volume, hemoglobin estimations and red cell hematocrits, 
erythrocyte and leucocyte counts from blood drawn by venous puncture. 
Daily food consumption is carefully determined and all animals are 
weighed each day. Our experimental data give numerous examples 
which demonstrate the necessity of such complete experimental observa- 
tions and prevent mistaken deductions derived from incomplete experi- 
ments. 

We obtain a maximum response to liver and kidney feeding and a 
minimum when giving food grains. Between these two extremes we 
observe all types of reactions. It is therefore readily seen that a diet 
containing several components may result in a complicated reaction. 
Several food factors tested singly may elicit a negative response but 
when fed in combination may have a distinct influence on blood regener- 
ation. It is therefore necessary to evaluate individual diet factors 
under a variety of conditions such as supplementary feeding, for example, 
before we thoroughly understand its exact effect on blood regeneration. 

When dogs have reached the desired severely anemic level and their 
usually very large store of potential hemoglobin building stones have 
been exhausted, which may take as long as 3 to 4 months, the diet 
experimentation may be begun. We wish again to stress the importance 
of exhausting this natural reserve before attempting to evaluate the 
effect of any stimulus to blood regeneration. There is ample evidence 
to establish the fact that the dog on any favorable diet will store this 
reserve which can be drawn upon later under anemic conditions with 
unfavorable diet intake. The unknown factor is added to a basal 
ration of a bread mixture (Whipple and Robscheit-Robbins, 122), 
which alone permits of a minimum amount of blood regeneration above a 
maintenance requirement, approximately 1 to 3 grams of hemoglobin 
per week of feeding and still is completely adequate for all general 
nutritional demands. This so-called maintenance factor represents an 
unknown amount of hemoglobin and red cells worn out each week due 
to circulatory wear and tear. 

Dairy products. The addition of milk has no significant influence on 
blood regeneration. One may say in fact that milk stands at the foot 
of the class of diet factors which bring about rapid blood regeneration in 
severe anemia. Cream modifies the reaction somewhat although the 
response is only slightly favorable. Excellent as both milk and cream 
are for general nutritional requirements their value for manufacture of 
hemoglobin and red cells is but slight. Butter fat in amounts of from 
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50 to 100 grams given daily will produce about 10 to 20 grams of hemo- 
globin above the maintenance level following a feeding period of two 
weeks. Cheese in the form of ordinary so-called ‘‘American cheese”’ 
gives a similar response (Whipple and Robscheit-Robbins, 125). 

Vegetables have perhaps been given greater credit than they actually 
deserve. Green vegetables are continuously lauded as aiding blood 
formation although the experiments of Robscheit-Robbins and Whipple 
(90) give no evidence indicating unusual potency of these substances. 
This material may be extremely effective when tested in herbivora since 
it is their main and natural dietary and these animals are better equipped 
to metabolize vegetable material rather than animal protein; the dog 
apparently cannot utilize chlorophyll by digestion in the intestinal 
tract. The leafy vegetables such as spinach, the green tops of beets and 
lettuce may be considered only as moderately favorable food factors, 
while asparagus, carrots, celery and brussel sprouts are relatively inert 
as aiding blood regeneration. Spinach and beet greens may be slightly 
more potent than lettuce although differences are not striking and 
variation among animals must be considered. It seems quite possible 
that various mineral constituents contained in this leafy vegetable 
material may be more concerned with hemoglobin production than is 
the chlorophyll nucleus. 

Fruits are in some instances more potent for blood regeneration than 
vegetables (Robscheit-Robbins and Whipple, 92). Outstanding among 
this group of diet factors are both apricots and peaches. When first 
testing this material over nine years ago we observed an unusually 
favorable response. We could scarcely believe the figures obtained at 
that time but repetition of the experiments showed beyond a doubt 
that certain fruits contain substances which greatly accelerate hemo- 
globin and red cell production under the controlled conditions of our 
experiments. Fresh, dried and canned fruits were tested. The 
addition of 200 grams of cooked apricots or peaches to the standard 
basal bread ration may cause an average output of 40 to 45 grams of 
hemoglobin per two-week period over and above the maintenance level. 
These values compare favorably with the results obtained by certain 
meat products, for example, spleen, heart or pancreas. Prunes are 
nearly asefficient. Raisins and fresh grapes are somewhat less favorable 
than apricots or peaches, producing about 20 to 30 grams of hemoglobin 
above the control levels. Apples, fresh or dried, show considerable 
variations but are about equally as potent as grapes or raisins. Fresh 
black raspberries give practically negative results. When one inquires 
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as to which substances present in these potent fruits might be responsi- 
ble, one might suspect mineral salts and organic acids as being con- 
cerned since the basal bread ration satisfies any vitamin requirement. 
Iron alone can hardly be responsible since the content of this mineral 
is present in greater quantity in raspberries (Shermann, 1921) than in 
fresh apricots or peaches, yet these berries are inert. That the effect is 
probably due to a combination of minerals is evident from the results 
obtained when feeding the ash of apricots (Robscheit-Robbins, Elden, 
Sperry and Whipple, 88). These experiments have already been 
referred to when discussing the potency of inorganic material. 

Fish and fish liver. We may refer to much experimental data to show 
that fish muscle as well as fish liver is almost inert as increasing red cell 
and hemoglobin production (Robscheit-Robbins and Whipple, 91). 
Fresh whole perch, canned Alaska pink salmon, and dried codfish all 
show similar reactions (122), (89), (91). We were much surprised to 
find that fish liver contained no substances which promote red cell and 
hemoglobin production as liver material is known to be rich in many 
important food accessories. Moreover it is reported that very active 
dogs in the Arctic regions support life almost wholly on a liberal diet of 
fish. Largely because of this observation we tested whole fish and 
found that this material was only slightly more efficient than salmon 
muscle, dried codfish or fish liver. 

Meat and meat products. The study of muscle tissue in its effect 
upon blood regeneration has not given the uniform results that we have 
obtained with organ tissue, for example, kidney and liver. Whipple and 
Robscheit-Robbins studied a material obtained from cattle, pig and 
chicken (124). Both striated and smooth muscle are favorable food 
factors for the manufacture of red cells and hemoglobin, smooth muscle 
seems more potent than striated. To test smooth muscle we were 
forced to use three widely different tissues, cow’s stomach, pig uterus 
and chicken gizzard. No single tissue gives us pure smooth muscle 
alone but there is extraneous material, the mucous membrane of the 
stomach and uterus. Both cattle and pig skeletal muscle demonstrate 
considerable variations, fluctuating between 10 and 40 grams of hemo- 
globin production per two-week period, the lower values are observed in 
the experiments pertaining to the feeding of cattle skeletal muscle. 
Arranged in their order of potency for blood regeneration we find cattle 
skeletal muscle the least favorable, cattle stomach ranges next, heart 
muscle of both pig and cattle give somewhat higher values as does both 
pig skeletal muscle and uterus (124). The smooth muscle of chicken 














.——— Ch 





—e_ GR ee 








. emma iy, Pn 














———_ ee eee ee 








de eee 











REGENERATION OF HEMOGLOBIN AND ERYTHROCYTES 699 


(chicken gizzard) is very effective material for blood regeneration 
demonstrating a manufacture of from 60 to 100 grams of hemoglobin 
when fed in amounts of 200 to 300 grams daily for two weeks. These 
values compare favorably with those of kidney and liver feeding, being 
of only slightly lower magnitude than figures obtained following the 
feeding of these latter diet factors. This result permits interesting 
conjectures. We may look upon this mass of smooth muscle as con- 
stantly active and much more productive of energy than other parts of 
the gastro-intestinal tract. Chicken gizzard likewise contains a large 
amount of muscle hemoglobin, a portion of which is broken down, 
presumably, during muscular activity and must be replaced. It is 
therefore possible that in these active smooth muscle fibres are stored 
parent hemoglobin substances and one may assume the possibility that 
such substances may contribute to the building of blood hemoglobin 
when the material is fed. 

Brain and pancreas may be said to belong to the group of substances 
classed as only moderately potent, an intake of from 200 to 300 grams 
daily will cause an increase of from 20 to 25 grams of hemoglobin per 
two-week period over the control level (Whipple and Robscheit-Robbins, 
127). Pancreas is slightly more effective, resulting in the manufacture 
of 35 grams of hemoglobin above maintenance requirements when tested 
in daily doses of the same amount as the brain feeding experiments. 

Fresh spleen feeding, spleen extracts, as well as powdered preparations 
of spleen and bone-marrow combinations have been thoroughly in- 
vestigated. Danilewsky (22) in 1895 tested fresh and boiled infusion 
of perfused dog spleen in dogs by intraperitoneal injections. The 
animals were not previously rendered anemic but were given a rice diet 
for three to seven days previous to the experimental test. An increase 
in both red cells and hemoglobin averaging 33 per cent was observed, 
the maximum rise occurring usually within two or three days. In 
attempting to determine what the substance concerned might be, lecithin 
was considered since injection of this material caused a slight red cell 
rise. On the other hand possible variations in distribution of intra 
and extravascular plasma volume were thought to be responsible. 
Similar observations were made with bone-marrow infusions obtained 
from the tibiae or femora of young calves. Such transitory changes as 
Danilewsky cited may well have been due to redistribution of cells or 
plasma volume changes. Unfortunately these experiments were not 
controlled by extracts of other organs which might or might not have 
been responsible for similar changes. Confirmatory evidence of red 
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cell and hemoglobin increase following intraperitoneal injections of 
spleen extracts into dogs has been obtained by Krumbhaar and Musser 
(53). The experiments of these investigators were controlled by similar 
injections of laked blood in order to rule out any changes being due to 
some constituent in the red cell as well as by extracts prepared from 
other organs. The hematopoietic effect of fresh saline spleen extracts 
was rapid but transitory lasting from 1 to 2 days but as Krumbhaar 
and Musser suggest might recur on second injection. Similar extracts 
prepared from liver, kidney and red cells did not demonstrate such 
changes as followed the injections of spleen extracts. The animals used 
were not anemic. 

Extracts made from fresh spleen of both dogs and cats as well as the 
powdered material, prepared by Armour and Co., has been injected 
subcutaneously by Eddy and Downs (26), (25) into rabbits. These 
authors observed an immediate decrease in red cells ranging from 15 to 
30 per cent and lasting on the average for about two hours. Repeated 
daily injections resulted in a gradual rise which remained above the 
normal level (25), (27). A direct hemolytic effect was suggested by 
Downs and Eddy (25) with subsequent increase which these investi- 
gators attributed to a bone-marrow response to the previous destruction 
of cells. Leake and Leake (57) also noticed a slight drop in red cells 
following intravenous injection of spleen extracts into rabbits with a 
slight increase occurring later. Bone-marrow material caused no 
preliminary drop but moderate red cell increases, the maximum response 
occurring one day following the last dose. A combination of spleen 
and bone-marrow injected into rabbits resulted in a rise in red cor- 
puscles of slightly over 1 million and hemoglobin of from 6 to 8 per cent. 
These changes were temporary, a return to the previous normal level 
occurred in from 2 to 5 days. The results of oral administration paral- 
leled those following injection therapy. These same investigators (57) 
fed the combined spleen and bone-marrow preparation to dogs and 
observed an increase in the number of reticulocytes, red cells, as well as 
in the hemoglobin pigment although the latter did not rise in proportion 
to the corpuscles. Blood volume determinations ruled out any plasma 
volume changes. These observations permitted Leake and Leake to 
conclude that a combination of spleen and bone-marrow was more 
potent than either factor administered separately and that the first 
action consisted in an increased rate of production or delivery in the 
erythrogenic centers and the second by causing an extension of func- 
tional red bone-marrow. In a subsequent publication Leake (58) states 
that a true hormone is concerned. 
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Contradictory evidence is cited by Tateyoshi (107). Rabbits were 
rendered anemic by one hemorrhage and tablets composed of spleen, 
bone-marrow and a combination of the two substances were dissolved 
and introduced by stomach tube. This author observed that his 
control rabbits demonstrated regeneration within from 7 to 13 days 
while the test animals needed 20 to 27 days for complete repair, suggest- 
ing that this material, particularly the spleen extract, retarded blood 
regeneration. No data of actual blood findings are given and the 
number of experimental animals was much too small. One also doubts 
whether a single hemorrhage would produce a satisfactory anemia. 
The factor of rabbits as test animals for food substances absolutely 
foreign to that species must also be considered. Similar experimental 
findings are recorded by Jeney and Jobling (47), (48). These authors 
signified inhibition of red cell formation rather than corpuscle destruc- 
tion following spleen extract administration. 

Our own experience (Whipple and Robscheit-Robbins, 127) with 
these materials has not been very promising when tested as to their 
effect on severe secondary anemia in dogs. Fresh cooked spleen feeding 
has demonstrated wide fluctuations in the influence that this material 
exerts on blood regeneration, outputs of hemoglobin varying from 20 to 
50 grams resulting from a two-weeks’ feeding period. This does not 
seem so surprising when one considers the difference in the amount of 
blood destruction and hemoglobin conservation in different abattoir 
animals shortly before death. These conditions might well cause wide 
variations in the hemoglobin building capacity of the organs fed. 
According to our analyses of beef spleen with reference to the hemoglobin 
content of that organ we find that it varies between 2 to 5 per cent per 
100 grams of fresh market spleen. The cooked daily ration of about 
200 grams may therefore contain from 7 to 16 grams of hemoglobin 
and the reaction resulting from the feeding of this amount of hemo- 
globin daily alone might account for an output of from 10 to 25 grams 
(127). A considerable portion of the response to spleen feeding may 
therefore be due to the blood contained in that organ. Unfortunately 
we have not been able to test the effect of large amounts of this material 
since cooked spleen forms a somewhat oily mixture which is not very 
palatable to our animals. Some dogs will not consume this food at all 
and 200 grams represent about the maximum diet intake in many of 
our best animals. 

Through the kindness of Dr. David Klein of the Wilson Laboratories 
we were able to test a powdered bone-marrow preparation and a product 
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combining spleen and bone-marrow, also in a powdered form. The use 
of bone-marrow presents difficulties. Bone-marrow powder of course 
contains some bone although in the method of preparation by careful 
grinding the softer portions of the bone containing the marrow were 
powdered first. It is quite possible also that the fat extraction may have 
diminished somewhat the potency of the dried material. Again we 
refer to the probable hemoglobin content present in bone-marrow and 
this may in itself accowt for a considerable portion of the regenerated 
red corpuscles and hemoglobin. The powdered bone-marrow fraction 
in large doses of 30 to 40 grams produced about 20 to 25 grams of 
manufactured hemoglobin above the control reaction. A combination 
of the spleen and bone-marrow caused slightly higher values, approxi- 
mately 25 to 35 grams of hemoglobin following a two-week feeding 
period. A similar difference in potency has been observed by Leake and 
Leake (57) when testing these substances singly or in combination. 

The most potent animal substances for blood regeneration in the 
severely anemic dog so far investigated are kidney and liver. Pork 
and chicken livers are as effective as beef liver. Pig kidneys give a 
reaction similar to that obtained with beef kidney feeding (Robscheit- 
Robbins and Whipple, 91). Livers obtained from a variety of deep 
salt water fish have already been mentioned as being totally inert for 
blood regeneration. The response to mammalian kidney and liver is 
much more uniform than that obtained from the feeding of muscle 
tissue, for example. Kidneys are nearly as potent as liver for regenera- 
tion of red cells and hemoglobin. Numerous experiments indicate an 
average output of from 60 to 100 grams of hemoglobin over and above 
the maintenance level resulting from abundant kidney feeding for a 
two-week period. One may inquire, why is kidney such a favorable 
diet factor? The possibility one may suggest is that in some unknown 
fashion the kidney takes part in the conservation of some pigment 
substances or represents one of the warehouses where pigment substances 
or potential red cell and hemoglobin building materials are stored for 
emergency demands. 

Robscheit-Robbins and Whipple (89) have shown in numerous ex- 
periments that the food substance permitting the most intense blood 
regeneration is live? This favorable and remarkable reaction is in- 
variable in our dog experiments no matter how long continued the 
anemic level, no matter how unfavorable the preceding diet periods may 
be, and regardless of the substances given with the liver feeding. Raw 
or cooked liver gives similar reactions. Abundant liver intake either as 
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beef liver, pig liver or chicken liver of from 200 to 400 grams daily 
results in an output of from 70 to 110 grams of hemoglobin per two-week 
feeding period. Liver in the presence of inorganic iron demonstrates 
an interesting summation of values from both factors as previously 
mentioned in the discussion of the effect of inorganic iron on blood 
regeneration (Robscheit-Robbins and Whipple, 93). This observation 


TABLE 
Hemoglobin production influenced by diet 
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Note: A short table summarizes our experiences with many common diet 
factors. The figures give average values representing a large number of published 
and unpublished experiments dealing with a severe and long sustained anemia 
produced by removal of blood in dogs. 


© 
deserves emphasis since we are occasionally quoted as attributing the 
effect of liver to be due to the iron content of this organ. It is obvious, 
from a great number of experiments, that the liver parenchyma contains 
a large amount of potential red cell and hemoglobin building material. 
The storage of these parent substances in the liver cells we believe has 
some significance and we suggest that it is because the liver is so largely 
concerned with the complex internal pigment metabolism of the body. 
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We also believe that the liver is concerned with pigment conservation 
and that the liver may be a most important organ in the fabrication of 
the parent substances of the hemoglobin which appears in its finished 
form within the red corpuscle of the red marrow (89). When inquiring 
into the specific nature of the potent substance present in liver we have 
indicated that the evidence would seem to point to a group of sub- 
stances rather than to any single or isolated factor. There may be 
organic as well as inorganic materials concerned in this reaction. Whip- 
ple (119) emphasizes that one should not consider these substances as 
being peculiar to liver. The kidney contains almost as much per gram 
of unit weight. McCann (62) has shown that in pernicious anemia the 
kidney is almost but not quite as effective as the liver. Our experiments 
demonstrate that the chicken liver and gizzard are almost of equal 
potency. It may be worth recording that liver sausage is potent directly 
in proportion to the amount of liver contained therein. 

While it is not the purpose of this paper to discuss clinical anemias, we 
believe that a review on blood regeneration would not be quite complete 
without referring to the very important work of Minot and Murphy 
(7la) in the treatment of pernicious anemia. These investigators 
observed remarkable reactions following the ingestion of a dietary rich 
in liver as evidenced by an increase in red cells and hemoglobin. Ina 
chart based on data obtained from a group of ninety patients Minot and 
Murphy reported erythrocyte counts beginning with 1.5 million and 
increasing to 4.5 million within a period of from four to six months. 
The rise in corpuscles in amount and rate outstripped the accompanying 
increase in the concentration of hemoglobin. In a more recent publica- 
tion Minot, Murphy, Cohn and Lawson (71b) have obtained similar 
results with liver extract. 

Liver fractions. During this prolonged experimental period we have 
prepared and tested a variety of liver extractives. The earlier work 
consisted of simple extraction either with a slightly acid water medium 
or alcoholic fractions. It was observed that both of these simple 
extracts contained poteht substances as did the remaining residue. 
The sum of the three fractions would amount to an output of about 60 
to 70 grams of hemoglobin or about 75 per cent of the values obtained 
with the feeding of fresh whole liver (Whipple and Robscheit-Robbins, 
126). About one-fourth was lost in the various chemical procedures, 
More recently Sperry, Elden, Robscheit-Robbins and Whipple (102) 
have prepared and tested a large series of a great variety of extracts 
under the experimental conditions of a severe secondary anemia. 
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The data obtained gave evidence that all of the fractions as well as the 
residues contained potential hemoglobin and red cell building sub- 
stances. Alcoholic hydrochloric acid and aqueous sulphuric acid 
fractions contained more than one-half of the original potency of whole 
liver. A variety of prepared digests was not as favorable. Some 
.alkaline extracts retained a large amount of the effective material. 
(Table 154 (102).) 

Through the kindly coéperation of Doctor Minot of Harvard and the 
Elli Lilly Company we have been able to test liver extract no. 343, 
N.N.R. which has given such gratifying results in the treatment of 
pernicious anemia. This same extract has been tested in various types 
of anemia and the general opinion would seem to be that this substance 
may be of great benefit in such anemias as resemble pernicious anemia, 
as that occurring in “sprue,” for instance, but that the extract is rela- 
tively inert in most secondary anemias. Generally the experiments of 
Robscheit-Robbins and Whipple (94) confirm the relatively slight 
effect of this material in severe secondary anemia in dogs, the potency 
being only about 10 to 20 per cent of that of whole liver. Reactions 
obtained with various supplements to this extract have been most 
interesting. The addition of either apricot or liver ash would result in 
the sum of the two expected feeding reactions. Supplementing this 
extract with small amounts of whole liver 50 to 100 grams, however, we 
observed values in excess of the sum of the two separate reactions. 
Whether the liver increases the potency of the extract or vice versa we 
do not know. The observation may suggest similar possibilities in 
various human secondary anemias. 

Other extracts prepared from liver have been studied by Jeney and 
Jobling (47), (48) and injected subcutaneously into rabbits. Anemia 
was produced by hemorrhages. These authors point out that the 
results obtained were not conclusive in that none of the fractions were 
particularly effective. In comparison to extracts made from mucosa, 
spleen or hemoglobin, the liver and hemoglobin extracts seemed best. 
Those data again offer further evidence that a number of factors both 
organic and inorganic are concerned in the potent effect of liver on the 
manufacture of hemoglobin and red cells in this type of experimental 
anemia. It is not unlikely that during the stress of this sustained severe 
anemia the organism is capable oi breaking down and utilizing materials 
to manufacture red cells and hemoglobin, which under norma! conditions 
would be utilized for other purposes or thrown away as surplus waste. 
It would seem probable that the red cell stroma matrix and the pigment 
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hemoglobin would call for very different building stones coming from 
the food intake. We still treasure the hope that some day we may be 
able to dissociate the hemoglobin production from the stroma formation. 
Many efforts expended in that direction so far have not been very 
successful. Certain diets will modify the hemoglobin index (a figure 
obtained by dividing the hemoglobin per cent by the red cell hematocrit 
value) with considerable uniformity but there occur many fluctuations 
which we cannot explain. We can control the hemoglobin production 
with much more certainty than can be done with stroma manufacture. 


BIBLIOGRAPHY 


(1) ABDERHALDEN, E. Zeitschr. f. Biol., 1900, xxxix, 113. 
(2) ABDERHALDEN, E. Zeitschr. f. Biol., 1900, xxxix, 193. 
(3) ABDERHALDEN, E. Zeitschr. f. Biol., 1900, xxxix, 483. 
(4) Amatsv, H. Arch. Internat. d. Pharmaco-Dynamie et d. Therap., 1913, 
xxlil, 325. 
(5) ArNoutpI, W. Folia Haematologica, 1927, xxxv, 21. 
(6) Austin, H. J. anp R. M. Pearce. Journ. Exper. Med., 1914, xx, 122. 
(7) Barcrort, J., C. Bringer, A. V. Bock, J. H. Doacart, H. 8. Forsgs, G. 
Harrop, J. C. MEAKiNs, anp A. C. Reprietp. Phil. Trans. Royal 
Soc., 1923, cexi B, 351. 
(8) Barcrort, J. The respiratory function of the blood. 1925, Cambridge, 
Part I. 
(9) Barkan, G. Zeitschr. f. Physiol. Chem. (Hoppe-Seyler), 1925, exlviii, 124. 
(10) Barkan, G. Zeitschr. f. Physiol. Chem. (Hoppe-Seyler), 1927, elxxi, 179. 
(11) Barkan, G. Zeitschr. f. Physiol. Chem. (Hoppe-Seyler), 1927, elxxi, 194. 


(12) Bearp, H. H. anp V. C. Myers. Proc. Soc. Exper. Biol. and Med., 1929, 


xxvi, 510. 
(13) Bert, M. P. Compt. Rend. Séances l|’Acad. Sci., 1882, xciv, 805. 
(14) BLUMENTHAL, R. anp P. Morawitz. Deutsch. Arch. f. Klin. Med., 1907-08, 
xcii, 25. 
(15) Bopansky, M. ano H.C. Hartman Journ. Metab. Research, 1923, iv, 515. 
(16) Buntine, C. H. Journ. Exper. Med., 1906, viii, 625. 
©(17) CampBELL, J. A. Journ. Physiol., 1927, lxiii, 325. 
(18) CarTLanp, G. F. anp F.C. Kocu. Amer. Journ. Physiol., 1928, lxxxv, 540. 
(19) CarTLanp, G. F. anp F. C. Kocu. Amer. Journ. Physiol., 1928, lxxxvii, 
249. 
(20) Cuark,J.H. Physiol. Reviews, 1922, ii, 277. 
(21) Datuwie, H. C., A. C. Kouus, anp A. 8. Loevennart. Amer. Journ. 
Physiol., 1915-16, xxix, 77. 
(22) Danitewsky, B. Pfliiger’s Arch., 1895, lxi, 264. 
*(23) Doan, C. A., F. R. Sasrn, anp C. G. Forxkner. Amer. Journ. Med. Sci., 
1929, elxxvii, 201. 
(24) Dovetas, C. G., J. 8S. Hatpane, Y. HENDERSON AND E. C. ScHNEIDER. 
Phil. Trans. Royal Soc. 1913, eciii B, 185. 
(25) Downs, A. W. ano N. B. Eppy. Amer. Journ. Physiol., 1922, Ixii, 242. 














? 


eee CS” 








—<—$ 




















? 


— 








o> 











REGENERATION OF HEMOGLOBIN AND ERYTHROCYTES 707 


(26) Eppy, N. B. Endocrinol., 1921, v, 461. 
(27) Eppy, N. B. anp A. W. Downs. Can. Med. Assoc. Journ., 1926, xvi, 391. 
* (28) Exipmn, C. A., W. M. Sperry, F. 8. Ropscueit-Ropsins anp G. H. Wuip- 
PLE. Journ. Biol. Chem., 1928, xxix, 577. 
(29) Finptay,G.M. Brit. Journ. Exper. Pathol., 1924, v, 92. 
(30) Fiscuuer, F. anp T. Pauu. Zeitschr. f. klin. Med., 1923, xcix, 447. 
(31) Fowre.t, P.H.C. Quart. Journ. Med., 1912-13, vi, 179. 
(32) Focus, R. Reich’s Medicinal Anzeiger, 1907-08, xxxii—xxxiii, 164. 
(33) Grriine, E. M. K. anp H. H. Green. Proc. Soc. Exper. Biol. and Med., 
1921, xviii, 191. 
(34) Hammett, F.8., J. E. Nowrey anp J. H. Mounier. Journ. Exper. Med., 
1922, xxxv, 173. 
(35) Hammett, F. 8. anp J. E. Nowrey. Journ. Exper. Med., 1922, xxxv, 507. 
(36) Happ, W.M. Johns Hopkins Hosp. Bull., 1922, xxxiii, 163. 
(37) Hart, E. B., H. Stepnpock, C. A. ELvEnJEM AND J. WADDELL. Journ. 
Biol. Chem., 1925, lxv, 67. 
« (88) Hart, E. B., H. Steensock, J. WappELL anp C. A. Etvensem. Journ. 
Biol. Chem., 1928, Ixxvii, 797. 
(39) Hess, L. anp P. Saxut. Deutsch. Arch. f. klin. Med., 1912, eviii, 180. 
(40) Hocunavus, H. ann H. Quincxe. Arch. f. exper. Pathol., 1895-96, xxxvii, 
158. 
(41) Horrmann, A. Virchow’s Arch., 1900, clx, 235. 
*(42) Isaacs, R. Folia Haematologica, 1928, xxxvii, 389. 
(43) Isaacs, 8S. anp K. Mécxex. Zeitschr. f. Klin. Med., 1911, lxxii, 231. 
(44) Irami,S. Arch. f. exper. Pathol., 1909-10, lxii, 93. 
(45) Irami,S. Arch. f. exper. Pathol., 1909-10, Ixii, 104. 
(46) Jencks, Z. Amer. Journ. Physiol., 1922, lix, 241. 
t (47) Jeney, A. Journ. Exper. Med., 1927, xlvi, 689. 
4 (48) Jpney, A. AND W. Josiine. Journ. Exper. Med., 1927, xlvi, 839. 
(49) Jornpan, H. E. anp C. C. Spzrpexu. Proc. Soc. Exper. Biol. and Med., 
1923-24, xxi, 399. 
(50) Kopert, R. Arch. f. exper. Path. u. Pharm., 1882-1883, xvi, 361. 
\(51) Korprr, H. Arch. f. Kinderheilk., 1926, lxxviii-ix, 109. 
(52) Korsster, K. K., 8S. Maurer anp R. Lovenun. Journ. Amer. Med. 
Assoc., 1926, Ixxxvii, 476. 


(53) Krumpuaar, E. B. anp J. H. Musser. Journ. Exper. Med., 1914, xx, 108° 


(54) Krumpyaar, E.B. Physiol. Reviews, 1926, vi, 160. 

(55) Laurens, H. Physiol. Reviews, 1928, viii, 1. 

(56) Lazarus, A. Die Anaemie II Abt. H. Nothnagel Specielle Path. und 
Therap., Vienna, 1901, viii, 49. 

(57) Leake, C. D. ann E. V. Leake. Journ. Pharm. Exper. Therap., 1923-24, 
xxii, 75. 

(58) Leake, C.D. Journ. Pharm. Exper. Therap., 1923-24, xxii, 401. 


(59) Leary, J.T.anp8.H Scuers. Journ. Amer. Chem. Soc., 1917, xxxix, 1066. 


(60) LintzEL,W. Zeitschr. f. Biol., 1928, lxxxvii, 97. 


™(61) Mayerson, H.S. anp H. Laurens. Amer. Journ. Physiol., 1928, lxxxvi, 1. 


(62) McCann, W.8. Proc. Soc. Exper. Biol. and Med., 1928, xxv, 255. 
(63) McCay, C. M. Amer. Journ. Physiol., 1928, lxxxiv, 16. 


ie eae 


Se a 





<p mena PORES YS A A Or I a nae 


< + ne 


ee 

















708 F. S. ROBSCHEIT-ROBBINS 


(64) McCo.tuvum, E. V. anp N. Simmonps. Journ. Biol. Chem., 1918, xxxiii, 63. 
(65) McHareve, J.S. Amer. Journ. Physiol., 1925, lxxii, 583. 
* (66) McHarevg, J.8., D. J. Hearty anv E. 8. Hitu. Journ. Biol. Chem., 1928, 
Ixxvili, 637. 

4 (67) McMaster, P.D. ano H. Hagsster. Journ. Exper. Med., 1921, xxxiv, 579. 

(68) MernerTz, J. Zentralbl. f. d. ges. Physiol. und Path. d. Stoffwechsels, 
1907, ii, 652, 689. 

(69) Meyer, E. Ergebn. d. Physiol., 1906, v, 698. 

(70) Meyer, H. Die exper. Pharmak. als Grundlage d. Arzneibehandlung, 
1925, Berlin, 548. 7th Edit. 

(71) Minot, G. R. anp J. J. Sampson. Boston Med. and Surg. Journ., 1923, 
elxxxix, 629. 

(7la) Minot, G. R. anp W. P. Murpny. Journ. Amer. Med. Assoc., 1927 
Ixxxix, 759. 

* (71b) Minot, G. R., E. J. Conn, W. P. Murpuy anv H. A. Lawson. Amer. 

Journ. Med. Sci., 1928, elxxv, 599. 

* (72) MitcHEe.LL, H.S.anp L.Scumipt. Journ. Biol. Chem., 1926, Ixx, 471. 

« (73) Mitrcue.y, H. 8. anp M. Vaucun. Journ. Biol. Chem., 1927, lxxv, 123. 
(74) Morawitz, P. anp J. Pratr. Miinch. Med. Wochenschr., 1908, xxxv, 1817. 
(75) Morawitz, P. anp 8. Itami. Deutsch. Arch. f. klin. Med., 1910, c, 191. 
(76) MiuuerR, F. Arch. f. Path. Anat., 1901, clxiv, 436. 

(77) Mutter, G.L. Amer. Journ. Physiol., 1927, lxxxii, 269. 

(78) Mutter, G.L. Journ. Clin. Invest., 1928, v, 521. 

(79) MutueR, G.L. Amer. Journ. Physiol., 1929, Ixxxviii, 130. 

(80) Muuier, G.L. Amer. Journ. Physiol., 1929, lxxxviii, 259. 

(81) Musser, J.H. Arch. Int. Med., 1921, xxviii, 638. 

(82) Nowrey, J.E. Johns Hopkins Hosp. Bull., 1922, xxxiii, 340. 

(83) Nowrey, J.E. Johns Hopkins Hosp. Bull., 1924, xxxv, 180. 

(84) Ono, M. Sci. Reports, Gov’t Inst. f. Infect. Dis., Tokyo, 1926, v, 471. 

(85) Price-Jones, C. Journ. Path. and Bact., 1911, xvi, 48. 

(86) Ritz, H. Folia haematologica, 1909, viii, 186. 

(87) Ropertson, O.H. Journ. Exper. Med., 1917, xxvi, 221. 

¢ (88) RosscneiT-Rossins, F. 8., C. A. Etpen, W. M. Sperry anp G. H. Wuir- 

PLE. Journ. Biol. Chem., 1928, Ixxix, 563. 

(89) RosscueitT-Rossins, F. 8. anp G. H. Wuiprete. Amer. Journ. Physiol., 
1925, Ixxii, 408. 

(90) Rosscueit-Rossins, F. 8. anp G. H. Wuiprte. Amer. Journ. Physiol., 
1925, Ixxii, 431. 

(91) Rosscueit-Rossins, F. 8. anp G. H. Wuippte. Amer. Journ. Physiol., 
1927, Ixxix, 271. 

(92) Rosscueit-Rossins, F. 8. anp G. H. Wuiprte. Amer. Journ. Physiol., 
1927, Ixxx, 400. 

(93) RosscneitT-Rossins, F. 8. anp G. H. Wuipreite. Amer. Journ. Physiol., 
1927, Ixxxiii, 76. 

(94) Rosscueit-Rossins, F. 8. anp G. H. Wuiprpie. Journ. Exper. Med., 
1929, xlix, 215. 

(95) Saneyosu1,S. Zeitschr. f. exper. Path. u. Therap., 1913, xiii, 40. 

(96) SaunpERs, C. W. Proc. Soc. Exper. Biol. and Med., 1925-26, xxiii, 788. 


’ 


























REGENERATION OF HEMOGLOBIN AND ERYTHROCYTES 709 


(97) ScHauMAN, O. AND E. Rosenquist. Zeitschr. f. klin. Med., 1898, exxv, 315. 
(98) Scuouric. Arch. f. exper. Path. u. Pharm., 1898, xli, 29. 
‘ (99) Scort, J. M.D. Biochem. Journ., 1924, xviii, 347. 
(100) Smitu, H. P., A. E. Bett, H. R. ARNoLpD AND E. B. Carrier. Amer. Journ. 
Physiol., 1925, xxi, 395. 
(101) Snapper, I. Biochem. Zeitschr., 1912, xliii, 256. 
. oo Sperry, W. M., C. A. ELDEN, F. S. Rospscueit-Rospsins anp G. H. Wuip- 
PLE. Sour. Biol. Chem., 1929, Ixxxi, 251. 
(103) STARKENSTEIN, E. Arch. f. pa Path. u. Pharm., 1926-27, exviii—xix, 131. 
(104) STARKENSTEIN, E. Arch. f. exper. Path. u. Pharm., 1927-28, exxvi-vii, 101. 
(105) Stocuman, R. anp W. Grera. Journ. Physiol., 1898-99, xxiii, 378. 
(106) Tartakowsky, 8. Pfliiger’s Arch., 1904, ci, 423. 
(107) TaTgoyosu!1, H. Biochem. Zeitschr., 1927, exc, 456. 
(108) Titus, R. W., H.W. Cave anno T. 8. Hueues. Journ. Biol. Chem., 1928, 
Ixxx, 2, 565. 
(109) von Domarus, A. Arch. f. exper. Path., 1908, lviii, 319. 
(110) Vrautt, M. F. Compt. rend. de l’acad. de sci., 1890, cxi, 917. 
*(111) WappeE.., J., H. Steenspock, C. A. ELVEHJEM AND E. B. Hart. Journ. 
4 Biol. Chem., 1928, lxxvii, 769. 
(112) Wappe.., J., C. A. ELvensem, H. STeensBock anv E. B. Hart. Journ. 
Biol. Chem., 1928, lxxvii, 777. 
(113) Wattner, K. Arch. f. exper. Path. u. Pharm., 1929, cxli, 123. 
(114) Warsura, O. Zeitschr. f. physiol. Chemie, 1909, lix, 112. 
, (115) Warsure, O. Science, 1928, lxviii, 437. 
(116) Wexo, L. A. anv O. Baupiscu. Journ. Biol. Chem., 1925, Ixv, 215. 
(117) Went, S. anp C. K. Drinker. Amer. Journ. Physiol., 1929, lxxxviii, 468. 
*(118) WuipreLe, G.H. Amer. Journ. Med. Sci., 1928, elxxv, 721. 
(119) WuippLte, G. H. Journ. Amer. Med. Assoc., 1928, xci, 863. 
(120) Wuiprte, G. H., C. W. Hooper anv F. 8. Rosscueir. Amer. Journ. 
Physiol., 1920, liii, 167. 
(121) WuirepLe, G. H. anv F. S. Rosscneir. Arch. Int. Med., 1921, xxvii, 591. 
*(122) WuippLe, G. H. anv F. S. Rosscuert-Rossins. Amer. Journ. Physiol., 
1925, Ixxii, 395. 
(123) Wuippie, G. H. anpv F. 8S. Rosscuert- RosBINs. Amer. Journ. Physiol., 
1925, Ixxii, 419. 
(124) WuipreLe, G. H. anp F. S. Rosscuert-Rossins. Amer. Journ. Physiol., 
1927, lxxix, 260. 
(125) WuippLe, G. H. ano F. S. Rosscuert-Rospsins. Amer. Journ. Physiol., 
1927, lxxix, 280. 
(126) Wuipeie, G. H. anp F. 8. Rosscuert-Rospsins. Proc. Soc. Exper. Biol. 
and Med., 1927, xxiv, 860. 
(127) Wurppie, G. H. ann F. 8. Rosscuert-Rospsins. Amer. Journ. Physiol., 
1927, Ilxxx, 391. 
(128) Wuipp.e, G. H. anp F. S. Rosscueit-Rossins. Amer. Journ. Physiol., 
| 1927, lxxxiii, 60. 
’ (129) WuippLe, G. H. anv F. S. Rosscuert-Rossins. Amer. Journ. Physiol., 
1927, Ixxxiii, 76. 
(129a) Wuippte, G. H., F. S. Rosscuert-Rossins, C. A. ELpEN AND W. M. 
Sperry. Proc. Soc. Exper. Biol. and Med., 1928, xxv, 748. 
._— Wiuramson, C. 8. ano H. N. Ets. Arch. Int. Med., 1925, xxxvi, 333. 
4. (131) Wiuuramson, C.8. ano H. N. Ets. Arch. Int. Med., 1927, xl, 668. 
(132) Zann, A. Deutsch. Arch. f. klin. Med., 1911, civ, 245. 












































- 7 aia tal " = — . . Mi hm ae - ew 
on y . “ . 
_ 2 P ad lita ee 














THE BIOCHEMICAL JOURNAL 


EDITED FOR THE BIOCHEMICAL SOCIETY 
-. oo 


HAROLD WARD DUDLEY anp ARTHUR HARDEN 
WITH THE ASSISTANCE OF AN EDITORIAL COMMITTEE 
VOLUME XXIII. No. 2. 1929 Price 15s net 


CONTENTS 
: XX. The amino-acids of flesh. III. The diamino-acid XXX. Phosphoric esters in alcoholic fermentation. 
content of fish. By J. L. Rosepae. I. The sequence of the formation of phosphoric esters and 
XXI. Vitamin D from sterols of mummified Egyptian brain. carbon dioxide in fermentation by dried yeast. By E. Boy- 
By H. Kine, O. Rosennerm and T. A. WeBsTER. LAND. (With four figures.) k i 
XXII. The ether-soluble substances of cabbage leaf cyto- XXXI. The equation of alcoholic fermentation. Il. By 
plasm. V. The isolation of n-nonacosane and di-n-tetradecyl A.HARDEN and F. R. HENLEy. 
ketone. By H. J. CHANNON and A. C. CHIBNALL. XXXII. The preparation and use of the bone phosphatase. 
XXIII. ‘The ether-soluble substances of cabbage leaf cyto- ByM.MarttanpandR.Ropison. 
plasm. VI. duet Cex and general conclusions. By A. C. ee Insulin and gluconeogenesis. By M. W. Gotp- 
CHIBNALL and H. J. CHANNON. - . ’ - 
XXIV. The dialysis of small volumes of serum under sterile XXXIV. The hydrogen ion concentration and the calcium 
conditions. By C. I. B. Voce. (With one figure.) — sone ea rape me the 5 of rachitic children. By 
“ q Gor vinta : 3 : . REDMAN. /ith eight figures. 
Be RF. — | —~\paaaae of various substances on lipase action. XXXV. Hypervitaminosis and vitamin balance. Part IL. 


_XXVI. The nature of the pectic substances of flax. A pre- iors Me dyh gir vent oo Pay L. f 
liminary investigation. By F. W. Norkis. P A Harris and T. Moore. (With ee figures.) 

_ XXVIT. Studies in the metabolism of tissues growing XXXVI. Further studies of the chemical nature of vitamin 
in vitro. III. Cyanic acid as a possible precursor of theam- 4 By J. C. Drummonp and L. C. BAKER. (With one figure.) * 
monia and urea formed by embryo kidney tissue. By B. E. xeXVIL Molecular constitution and accessibility to 
Homes and E. WArcHorn. 








enzymes. The effect of various substances on the velocity of 
ye XXVIII. The effect of excessive doses of irradiated ergo- re eo by rdtnnceh lipase. By D.R.P.Murray. (With 
sterol on the calcium and phosphorus content of the blood. five figures.) 
By L. J. Harris and C. P. Srewart. XXXVIII. The use of decinormal hydrochloric acid for 
XXIX. Glycolysis in muscle and other tissues. By E. standardising electrometric pH measurements. By N. F. 
; M. Case. MACLAGAN. (With three figures.) 


Now ready. Index of Authors and Subjects to Volumes XI-XX. 10s. net. Postage 4d extra. 
Further particulars of the Journal and subscription prices will be sent on request. 


CAMBRIDGE UNIVERSITY PRESS 


FETTER LANE, LONDON, E. C. 4, ENGLAND 











PHYSIOLOGICAL ABSTRACTS 


Monthly, price 5s. net. Annual Subscription, post free, 42s 




















This Journal is issued by the PHYSIOLOGICAL SOCIETY, acting in co-operation 
with numerous physiological organisations in Great Britain, America, and other 


countries. The Editor, Prof. J. MELLANBY, is assisted by a staff of competent 
abstractors both at home and abroad. 


The Journal aims at issuing nee abstracts of the papers published throughout 
the world, in physiological and allied sciences (including Plant Physiology). 

A number is published at the beginning of each month. 

Volume X began with the April (1925) issue. 


Subscriptions are only taken for April to March of the next year, and are payable 
in advance. 


Back numbers, excepting some which are out of print, may be obtained from the 
Publishers, or any Bookseller. An extra charge is made for some numbers the stock 
of which is nearly exhausted. Prices on application. 


Binding Cases, price 2s. net, are supplied by the Publishers, who can also arrange 
for binding; prices on application. 








PUBLISHED BY 


H. K. LEWIS & CO., Ltd. 


136 Gower Street LONDON, W. C. 1 
Publishing Office, 28 Gower Place, London, W. C. 1 
; SUBSCRIPTIONS MAY BE PAID THROUGH ANY BOOKSELLER 


— | 




















ee eae ee te ae eT ee ee re ee ee 


crac Eur saor BRe 


Ss CES 1c Oude S%, 
: ‘ 


pe Te oe 


Se ne el 


yo ee 


% Trane Sey 


ees ee eee eS 


a 


ab eS 


it 
\ 
i 
4 








PHYSIOLOGICAL REVIEWS 


PURPOSES 


The main purpose of PHysioLocicaAL Reviews is to furnish a means whereby 
those interested in the physiological sciences may keep in touch with contemporary 
research. The literature, as every worker knows, is so extensive and scattered 
that even the specialist may fail to maintain contact with the advance along 
different lines of his subject. The obvious method of meeting such a situation is 
to provide articles from time to time in which the more recent literature is compared 
and summarized. The abstract journals render valuable assistance by condensing 
and classifying the literature of individual papers, but their function does not ex- 
tend to a comparative analysis of results and methods. Publications such as the 
Ergebnisse der Physiologie, the Harvey Lectures, etc., that attempt this latter 
task, have been so helpful as to encourage the belief that a further enlargement 
of such agencies will be welcomed by all workers. It is proposed, therefore, to 
establish a journal in which there will be published a series of short but com- 
prehensive articles dealing with the recent literature in Physiology, using this term 
in a broad sense to include Bio-chemistry, Bio-physics, Experimental Pharmacology 
and Experimental Pathology. 


Contents of Volume IX, 1929 


C. C. Macxuin: The musculature of the Rosin Fanrarvus: The suspension stability 


bronchi and lungs of the blood 
H. D. Kruse anpE.V. McCottum: Isola- W.B. Cannon: Mechanisms of biological 
tion of vitamins homoeostasis 


“4 eee: Spomemaaiery quotient =p. EGGLeTon: Phosphates in muscle 

H. L. Dunn: Application of statistical F. Rosscuert-Rossins: Hemoglobin regen- 
methods to physiological research _ oe 

F.C. Lez: Regeneration of nervous tissue N.Kuierrman: Physiology of sleep 











Physiological Research Periodicals, complete files back volumes and odd copies 
for sale. We purchase Medical and Scientific Magazines. 


B. LOGIN & SON 
29 EAST 21ST STREET, NEW YORK CITY 

















